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FRACTURE TOUGHNESS TESTING 

by John E. Srawley and W i l l i a m  F. Brown, Jr. 

L e w i s  Research Center 

SUMMARY 

A comprehensive survey i s  presented of current methods of f r a c t u r e  tough- 
ness t e s t i n g  t h a t  are based on l i n e a r  e l a s t i c  f r a c t u r e  mechanics. General 
p r inc ip l e s  are discussed i n  r e l a t i o n  t o  t h e  bas ic  two-dimensional crack stress 
f i e l d  model and i n  r e l a t i o n  t o  rea l  three-dimensional specimens. The designs 
and necessary dimensions of specimens f o r  mixed mode and opening mode (plane 
s t r a i n )  crack toughness measurement are considered i n  d e t a i l .  
instrumentation and. procedure are described. Expressions f o r  t he  calculat ion 
of crack toughness values are given f o r  t h e  common types of specimens. 

Methods of t e s t  

INTRODUCTION 

The survey of f r a c t u r e  toughness t e s t  methods herein w i l l  be r e s t r i c t e d  t o  
those methods t h a t  have t h e i r  basis i n  l inear  e l a s t i c  fracture mechanics, or 
t h a t  can be t r e a t e d  s a t i s f a c t o r i l y  by t h e  methods of l i n e a r  e l a s t i c  f r a c t u r e  
mechanics a t  t h e  present time. This r e s t r i c t i o n  of scope c a r r i e s  with it no 
implication t h a t  t h e r e  are not other methods worthy of consideration. I n  t h e  
opinion of the  authors,  some of t h e  a r b i t r a r y  empirical  procedures f o r  evalu- 
a t i n g  f r a c t u r e  toughness are, and w i l l  continue t o  be, of great value, having 
been proved by co r re l a t ion  with serv ice  failure s tud ie s  ( refs .  1 and 2 ) .  I n  
p a r t i c u l a r  note the  work of P e l l i n i  and h i s  colleagues a t  t h e  U.S. Naval 
Research Labo'ratory ( refs .  3 and 4 ) .  The prime purpose herein,  however, i s  t o  
c l a r i f y  t h e  t e s t  methods of l i n e a r  e l a s t i c  fracture mechanics. From a p rac t i -  
c a l  point of view, t h e  a r b i t r a r y  empirical  procedures ( the  most familiar being 
notched-bar transit ion-temperature t e s t i n g )  are most u se fu l  f o r  evaluating 
s t r u c t u r a l  s teels  i n  t h e  Lower range of y i e ld  strengths.  The appl icat ion of 
s tee l s  i n  t h e  higher range of y i e l d  s t rengths  and of t i tanium and aluminum al-  
loys c a l l s  f o r  much more discriminating evaluation t o  t h e  point of being able 
t o  estimate t h e  s t rength of s t r u c t u r a l  elements containing cracks. Thus, it i s  
des i r ab le  t h a t  f r a c t u r e  toughness t e s t i n g  of such materials s h a l l  be based on 
t h e  pr inc ip les  of mechanics as applied t o  cracked bodies. 

Because of i t s  r ap id  development over t h e  last decade or so,  f r ac tu re  me- 
chanics has seemed confusing t o  many in t e re s t ed  pa r t i e s .  It is therefore  use- 
f u l  t o  keep i n  mind t h e  bas ic  e s s e n t i a l s  of t h e  d i sc ip l ine .  I n  t h e  simplest 
terms, t h e  f r a c t u r e  toughness of a mater ia l  determines how la rge  a crack t h e  
mater ia l  i s  able t o  t o l e r a t e  without f r a c t u r e  when loaded t o  a level approach- 



ing  t h a t  a t  which it would f a i l  by excessive p l a s t i c  deformation. 
how large a crack can be to l e ra t ed  i n  the  w a l l  of a pressure vesselmanufac- 
tu red  from Brand X s teel  when t h e  nominal hoop stress is  r a i sed  t o  90 percent 
of t he  y i e ld  s t rength?  

For example, 

Naturally, every reasonable e f f o r t  would be made t o  avoid having any 
cracks or l i k e  defec ts  i n  t h e  s t ruc ture .  But grievous experience ind ica tes  un- 
mistakably t h a t  it would be qui te  un rea l i s t i c  to depend upon t h e  t o t a l  absence 
of cracklike defects .  If something f a i r ly  quant i ta t ive about t h e  crack t o l e r -  
ance of materials w e r e  known, more r e a l i s t i c  and more e f f ec t ive  measures could 
be taken with regard t o  inspection, qua l i ty  control ,  proof t e s t i n g ,  and avoid- 
ance of development of cracks i n  service.  For instance,  t he  material  having the  
grea tes t  crack tolerance a t  t h e  stress l eve l  contemplated could 'be selected out 
of those tha t  have adequate y i e ld  s t rength and are s a t i s f a c t o r y  i n  other re- 
spects.  O r  it could be decided, according t o  the  appl icat ion i n  mind, how far 
weight and bulk could be reduced by employing materials of grea te r  y ie ld  
s t rength  a t  t h e  expense of reduced crack tolerance.  I n  t h i s  connection, t he  
dimensions of cracks t h a t  have been discovered t o  be t h e  or ig ins  of f r ac tu re  
f a i l u r e s  of c r i t i c a l  s t ruc tu res  range from a f e w  thousandths of an inch, i n  the  
case of some s teels  with y i e ld  s t rengths  approaching 250,000 p s i ,  up t o  more 
than a foot  i n  diameter, i n  the case of a t  least one low strengLh s t e e l  cast-  
ing. 

The most d i r ec t  way of evaluating the  crack tolerance of a material  appar- 
e n t l y  would be t o  t e s t  a series of specimens provided with cracks of graded 
s i zes  t o  determine an empirical  r e l a t i o n  between s t rength and crack s i z e .  But 
t he  problem i s  not simply a m a t t e r  of crack s i z e .  I n  addition, crack shape, 
bulk of the  m e m b e r  ( i . e . ,  thickness of a p l a t e )  or ien ta t ion  of t he  crack i n  re -  
l a t i o n  t o  the  f ibe r ing  of t h e  mater ia l ,  temperature, and r a t e  of loading a l l  
m a y  a f f e c t  t h e  f r ac tu re  s t rength  of a s t r u c t u r a l  member of a given mater ia l .  
To take in to  account a l l  these f ac to r s  i n  a purely empirical  t e s t  program would 
require  very la rge  numbers of specimens f o r  each material evaluated. 
den of t e s t i n g  can be considerably reduced, however, by applying knowledge of 
the  mechanics of f rac tur ing ,  bes t  represented a t  t he  present time by l i nea r  
e l a s t i c  f r ac tu re  mechanics. 

The bur- 

For the  following discussion some familiari ty i s  assumed w i t h  the  con- 
cepts ,  assumptions, and stress analysis  aspects of current  l i nea r  e l a s t i c  f rac-  
ture mechanics. For addi t iona l  information, reference can be made t o  the  re-  
ports  of t he  ASTM Special  Committee on Fracture Testing of High Strength Metal- 
l i c  Materials (refs.  5 t o  9),  hereinaf ter  re fer red  t o  as the ASTM Special  
Committee on Fracture Testing. I n  these references,  t h e  discussion i s  of ten  i n  
terms of K, t he  stress in t ens i ty  f ac to r  of t he  e l a s t i c  s t r e s s  f i e l d  l o c a l  t o  
the  crack, rather than i n  terms of 
energy re lease  rate with respect  t o  crack extension. For reasons t h a t  w i l l .  be- 
come apparent it i s  more convenient i n  t h i s  d i s se r t a t ion  t o  develop our subject 
primarily i n  terms of $ r a the r  than K. This should cause no d i f f i c u l t y  i f  
t he  simple r e l a t ions  between these two quant i t ies  a re  kept i n  mind: 
f o r  plane stress, and 
modulus and Y i s  Poisson's rat.io. (All symbols are defined i n  appendix B . )  

$, the  crack extension force,  or s t r a i n  

K2 = E 
E i s  Young's K2 = Eg/(1  - v2) f o r  plane s t r a i n ,  where 

A sa t i s fac tory  f r ac tu re  toughness t e s t ,  i n  t h e  present context, i s  simply 
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I 

a model f r a c t u r e  experiment designed t o  s a t i s f y  two e s s e n t i a l  requirements, 
namely, (1) the specimen dimensions and loading arrangement must be such t h a t  
the  value of the crack extension force can be calculated w i t h  suf f ic ien t  
accuracy a t  any stage of the  t e s t  at  which t h e  values of the  load and the crack 
dimensions a r e  known and ( 2 )  t h e  values of the  load and the  crack dimensions a t  
the  point of i n s t a b i l i t y  of crack extension can be measured with suf f ic ien t  ac- 
curacy. A s  w i l l  be shown later,  it follows from the  f i rs t  of these require- 
ments t h a t  the  crack dimensions, and therefore  the dimensions of t h e  specimen 
i n  which it i s  contained, must exceed c e r t a i n  minimum values that  increase as 
t h e  r a t i o  of E 9, 
there  i s  a general tendency f o r  
s t rength of s t r u c t u r a l  mater ia ls  i s  decreased, it follows fur ther  that  the  
minimum necessary dimensions of a specimen of a given type increase very rapid- 
l y  as the  y ie ld  s t rength l e v e l  of the  mater ia ls  t o  be t e s t e d  decreases. To 
i l l u s t r a t e  t h i s  point,  whereas the  overa l l  diameter of t h e  smallest circumfer- 
e n t i a l l y  crack-notched round bar n e c e s s a r y t o  measure t h e  plane s t r a i n  crack 
toughness of a s t e e l  having a y ie ld  s t rength of 300,000 p s i  would prob- 
ab ly  be l e s s  than 0 . 2  inch, the  smallest  diameter necessary f o r  a s t e e l  having 
a y ie ld  s t rength of 150,000 p s i  might exceed 5 inches. 

9 

t o  t h e  square of the y ie ld  s t rength of the material .  Since 

gc t o  increase as the l e v e l  of y ie ld  

9,, 

In  order t o  m i n i m i z e  specimen dimensions as much as possible,  thereby 
making most e f fec t ive  use of avai lable  t e s t  mater ia l  and t e s t i n g  machine load- 
ing capacity, types of specimens have been developed i n  which the dimensions of 
the simulated crack a r e  appreciable f rac t ions  of t h e  overa l l  specimen dimen- 
sions.  The expressions f o r  g f o r  such specimens a r e  necessar i ly  more com- 
p l ica ted  than the  simple expression E48 = flo'a, which appl ies  t o  a s t r a i g h t ,  
through-thickness crack of  length Z a  i n  a f la t  p la te  of w i d t h  W greater  
than 20a, under uniform t e n s i l e  s t r e s s  0 .  Suff ic ien t ly  accurate approximate 
expressions have been obtained by mathematical or experimental methods f o r  a 
number of useful  types of specimens discussed l a t e r .  These include specimens 
t h a t  a r e  loaded i n  bending as wel l  as i n  tension. 

While l i n e a r  e l a s t i c  f r a c t u r e  mechanics i s  probably about the simplest 
form of strength-of-materials approach that  could be taken i n  the study of 
f rac tur ing  phenomena, it is nevertheless quite a complex subject.  mis r e s u l t s  
from the  inherent complexity of the  f rac ture  behavior of a c t u a l m a t e r i a l s .  
Consequently, the  subject of f rac ture  toughness t e s t i n g  w i l l  be developed i n  
stages,  s t a r t i n g  w i t h  a simple, ideal ized model of a f r a c t u r e  toughness t e s t  
specimen t h a t  i s  re fer red  t o  as the quasi-two-dimensional prototype specimen. 
This i s  an abstract ion of t h e  wide p l a t e  specimen re fer red  t o  i n  the  preceding 
paragraph i n  which the thickness OF the  p la te  i s  ignored. This w i l l  allow de- 
velopment of the  important concepts of crack-extension res i s tance  and f rac ture  
i n s t a b i l i t y  i n  e s s e n t i a l l y  two-dimensional terms. Next are considered the  com- 
p l ica t ions  associated with f i n i t e  thickness and t h e  change i n  f rac tur ing  be- 
havior and apparent toughness as the  thickness i s  var ied through the  t r a n s i t i o n  
from s l a n t ,  or plane s t r e s s ,  f r a c t u r e  mode t o  square, or plane s t r a i n  f r a c t u r e  
mode. This leads t o  consideration of the measurement of plane s t r a i n  crack 
toughness 
p r a c t i c a l  lower l i m i t  t o  t h e  f r a c t u r e  toughness of a material under given con- 
d i t ions .  It i s  then appropriate t o  consider p r a c t i c a l  specimen types tha t  re -  
quire reasonable amounts of m a t e r i a l  and loading capacity. The narrow symmet- 

gIC, which i s  of p a r t i c u l a r  importance i n  tha t  it represents a 
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r i c a l  p l a t e  types of specimen f o r  general  
and then several  types of specimens su i tab le  f o r  8,, t e s t i n g  only are d i s -  
cussed i n  sequence. In  these sect ions,  t h e  question of 4, measurement ea- 
pac i ty  i n  r e l a t i o n  t o  specimen s i z e  i s  discussed f o r  each type of specimen. 
Table I (p.  36) i s  provided for comparison of t h e  various types of 8,- m e a -  
surement specimens. I n  t h e  remaining sect ions t h e  t o p i c s  of t es t  instrumenta- 
t i o n  and procedure and c e r t a i n  aspects of specimen design and preparation are 
discussed. Appendix A provides ready reference information on the  various 
types of specimens, giving proportioned sketches and appropriate expressions 
f o r  9 i n  compact form i n  each case. 

4, t e s t i n g  a r e  discussed f i rs t ,  

GENERAL CONSIDERATIONS 

QUASI-TWO-DIMENSIONAL PROTOTYPE SPECIMEN 

It i s  desirable  t o  discuss t h e  general  concepts t h a t  apply t o  a l l  f r a c t u r e  
mechanics type toughness tes ts  before considering i n  d e t a i l  t h e  various types 
of f r a c t u r e  toughness t es t  specimens t h a t  a r e  i n  common use. F i r s t ,  considera- 
t i o n  i s  given t o  a simple, ideal ized model and then  the  various complications 
encountered with r e a l  specimens a r e  introduced systematically.  This model i s  
ca l led  a quasi-two-dimensional prototype specimen, and it may be visual ized as 
a f l a t  sheet of width W under uniform uniaxial  tension 0 ,  and containing a 
s t r a i g h t ,  i d e a l  crack of length 2a l e s s  than W/10 i n  t h e  center and normal 
t o  the d i rec t ion  of the  applied s t r e s s .  The thickness i s  regarded as vanish- 
ingly s m a l l  and the  length s u f f i c i e n t  so  t h a t  t h e  s t r e s s  f i e l d  disturbance due 
t o  the  crack is ins igni f icant  a t  the  ends. 

This model i s  an idea l iza t ion  of an otherwise similar p l a t e  specimen of 

( the  crack extension force 
f i n i t e  thickness B. For such a r e a l  specimen, discussed l a t e r ,  t h e  crack 
f r o n t  configuration may be qui te  complex, and 
per un i t  length of crack border, or s t r a i n  energy release r a t e  with crack ex- 
tension per u n i t  length of crack border) has, i n  general, a d i f f e r e n t  value at  
each posi t ion along t h e  crack border. With the  quasi-two-dimensional model 
only a s ingle  value of needs t o  be considered, which may be regarded as a 
s o r t  of average value f o r  t h e  r e a l  crack i n  t h e  p l a t e  of f i n i t e  thickness.  The 
s t a t e  of the  stress f i e l d  is  assumed t o  be one of generalized plane stress, and 
the  appropriate expression f o r  9 i s  E 4  = na2a (ref.  10).  

g 

Cri te r ion  of Fracture I n s t a b i l i t y  

I n  a t y p i c a l  f r a c t u r e  toughness t es t ,  t h e  load on t h e  specimen i s  ra i sed  
continuously u n t i l  a point i s  reached a t  which unstable crack extension occurs. 
I n  order t o  define t h i s  more precisely,  it has t o  be appreciated t h a t  the  load 
i s  not t h e  independent var iable  i n  the  t e s t .  The var iable  t h a t  i s  a c t u a l l y  
most near ly  under the control  of the  operator i s  t h e  separat ion of t h e  heads of 
the t e s t i n g  machine. For t h e  present purpose, t h i s  separation can be regarded 
as equivalent t o  the  o v e r a l l  extension of t h e  specimen e ,  which w i l l  be taken 
as t h e  independent t e s t  var iable .  ( I n  t h e  case of a bend specimen, e 
the  specimen def lec t ion . )  The c r i t e r i o n  f o r  the  point of i n s t a b i l i t y  of crack 
extension i n  the  t es t  i s  then t h a t  the  load P, as a function of e ,  reaches a 

would be 
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s ta t ionary  value, t h a t  i s ,  e i t h e r  a maximum or a point of i n f l e c t i o n  of zero 
slope. 
t h e  load i s  l o s t ,  a t  least temporarily, and t h a t  is  why the  load cannot be re- 
garded as t h e  independent var iable .  

I n  mathematical terms, dP/de = 0. A t  t h i s  point  t he  a b i l i t y  t o  control  

The value of 9 a t  the point  of i n s t a b i l i t y  can be calculated from m e a -  
surements of t he  load and t h e  instantaneous crack length a t  t h a t  point and i s  
designated sc. Ei ther  gc or K, (equal t o  t h e  square root  of E g c  f o r  
plane s t r e s s  conditions) i s  taken as a measure of f r ac tu re  toughness of t h e  
material. 

This operat ional  de f in i t i on  of t he  point  of i n s t a b i l i t y  of crack exten- 
sion, and t h e  corresponding de f in i t i ons  of and Kc, correspond t o  those 
adopted by t h e  ASTM Special  Committee on Fracture Testing (ref.  5 ) .  To cor rec t  
a common misapprehension, gc and K, a r e  not necessar i ly  independent of 
specimen dimensions other than thickness ,  as w i l l  be shown i n  t h e  next sect ion.  
Nevertheless, they do have usefu l  quant i ta t ive  s ignif icance as measures of 
f r ac tu re  toughness. 

I n  some of t he  l i t e r a t u r e  on f r ac tu re  mechanics gc i s  defined i n  d i f -  
f e r en t  terms, fo r  instance,  as t h e  value of t he  crack extension force at  t h e  
onset of rap id  crack propagation. Such a de f in i t i on  i s  too  vague as an opera- 
t i o n a l  de f in i t i on  f o r  t e s t i n g  purposes and may be even somewhat misleading i n  
seeming t o  imply tha t  continuing slow crack extension i s  t o  be expected a t  con- 
s t an t  l eve l s  of l e s s  than ge. Such behavior, for tuna te ly ,  i s  unusual 
and when observed ind ica tes  a need f o r  carefu l  inves t iga t ion  of t h e  mater ia l  
and t h e  environment i n  which the t e s t  i s  conducted. To avoid ambiguity i n  con- 
ducting and in t e rp re t ing  f r ac tu re  toughness tests,  t he  precise  operat ional  
de f in i t i on  of gc i s  t o  be preferred.  

Crack Extension Resistance and Occurrence of I n s t a b i l i t y  

To appreciate t h e  conditions t h a t  must be s a t i s f i e d  i n  va l id  f r ac tu re  
toughness t e s t s ,  and t o  understand properly the  r e s u l t s  that are obtained, it 
i s  necessary t o  be familiar w i t h  the  current  concept of t he  growth of r e s i s -  
tance t o  crack extension during a t e s t .  This concept was originated by G. R. 
Irwin ( r e f .  ll), and i s  mentioned i n  the  f irst  repor t  of t h e  ASTM Special  
Committee on Fracture Testing but has not been given much emphasis heretofore.  
The most extensive previous discussion is  p robab ly tha t  given by Krafft, 
Sullivan, and Boyle (ref. 1 2 ) .  

The essence of t h i s  concept i s  t h a t ,  as the  crack extension force 
increased during a t e s t ,  it i s  opposed by an increasing res i s tance  t o  crack ex- 
tension R of t he  mater ia l  a t  t he  crack t i p ,  so tha t  equilibrium between 9 
and R i s  maintained up t o  t h e  point  of i n s t a b i l i t y .  The crack extension re- 

9 i s  

s i s tance  R may be 
p l a s t i c  deformation 
an ordinary tension 
which dP/de = 0. 

thought of as analogous t o  t h e  increasing res i s tance  t o  
due t o  work hardening, which opposes t h e  applied s t r e s s  i n  
tes t .  I n  th i s  case a l s o  there  is a point  of i n s t a b i l i t y  at  
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By de f in i t i on ,  i s  equal t o  t h e  value of R a t  i n s t a b i l i t y  and beyond 
t h i s  point 9 increases  more r ap id ly  with e than does R. Now, although 
t h e  values of g and R are equal up t o  t h e  point  of i n s t a b i l i t y ,  these 
quant i t ies  represent  d i s t i n c t l y  d i f f e ren t  physical  e n t i t i e s  and have d i f f e ren t  
func t iona l  r e l a t i o n s  t o  the  subsidiary t e s t  var iab les  u and a. For the  pro- 
totype specimen, as noted e a r l i e r ,  g =  so2a/E, but t h e  dependence of 
these  var iab les  has ye t  t o  be discussed. F i r s t ,  it should be noted t h a t  t he re  
i s  a condition which must be s a t i s f i e d  a t  t h e  point  of i n s t a b i l i t y  t h a t  may be 
derived as follows: Since g - R i s  equal t o  zero up t o  the  point  of ins ta -  
b i l i t y ,  d ( 4  - R )  is  a l s o  equal t o  zero up t o  t h i s  point .  
terms of t h e  subsidiary var iab les  u and a y ie lds  

R on 

Expressing t h i s  i n  

.- 0 c 

A t  i n s t a b i l i t y ,  do/de = 0 by def in i t ion ,  and equation (1) reduces t o  

and a. This three-dimensional curve 
must l i e  i n  t h e  g surface up t o  t h e  

where uc i s  the  s t a t iona ry  value of u a t  i n s t a b i l i t y .  
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crack length w i l l  be f o r  a group of t e s t s  on the  same mater ia l ,  but f o r  
specimens with d i f f e r e n t  i n i t i a l  crack lengths, w i l l  depend upon the form of 
the  R curve f o r  t h e  mater ia l .  To characterize the  f r a c t u r e  toughness of a 
mater ia l  thoroughly, it would be necessary t o  determine the  e n t i r e  R curve. 
Fortunately, experience suggests t h a t  9, i s  s u f f i c i e n t l y  independent of 
crack length t o  provide a single-valued representat ion of the f rac ture  tough- 
ness of most mater ia ls  f o r  most p r a c t i c a l  purposes. Where this  is not the  
case, the  R curve can be determined by using a suf f ic ien t ly  large specimen 
and can be used f o r  a more de ta i led  study of a p o t e n t i a l  f rac tur ing  s i t u a t i o n  
than would be possible from a knowledge only of a s ingle  

9, 

gc value. 

The only published data on R curves seem t o  be those given i n  r e f e r -  
ence 12 f o r  aluminum 7075.T6. Consequently, very l i t t l e  i s  known, i n  general, 
about the  forms of R curves and the  f a c t o r s  upon which they depend. Krafft, 
e t  a l . ,  however, have proposed a very plausible  working hypothesis tha t  i s  con- 
s i s t e n t  with t h e  observations of reference 1 2  and which w i l l  be u t i l i z e d  here- 
i n .  The hypothesis can be s t a t e d  as follows: For a given material i n  an i n e r t  
environment under given conditions of t e s t i n g  speed and temperature, the r e s i s -  
tance t o  crack extension R i s  primarily a function of the  magnitude of crack 
extension a - a. and i s  independent of t h e  i n i t i a l  crack length 2a0. This 
implies a l s o  tha t  R i s  not d i r e c t l y  a function of 0 ,  only i n d i r e c t l y  i n  tha t  
both R and 0 a r e  r e l a t e d  t o  a - ao. This hypothesis r e f e r s  t o  an i d e a l l y  
sharp s t a r t i n g  crack and, i n  e f f e c t ,  assumes tha t  an invariant  sequence of de- 
velopment of crack f r o n t  configuration and associated p l a s t i c  zone occurs as 
a - a. increases,  whatever the  value of 2ao. Study of the  f rac ture  surfaces 
-of specimens having d i f fe ren t  initial crack lengths lends considerable support 

loo0 r 

Crack extension, a - a, 

Figure 2. - Some conceivable types of crack extension re-  
sistance curves. A - Sharply defined instability. B - 
Representative of actual behavior of A I  7075.T6 accord- 
i ng  to reference 12. C - Transient instabi l i ty due to 
sudden extension in opening mode ("pop-in") followed 
by further, mixed-mode, stable crack extension. D - 
Discontinuous growth of crack extension resistance, 
characterist ic of real materials to some degree. Other 
examples are actually smoothed versions of t h i s  sort of 
behavior. 

t o  t h i s  concept of an invariant pa t te rn  
of development f o r  specimens of t h e  
same thickness. A t  t h i s  point the  
question of thickness i s  s t i l l  ne- 
glected,  but w i l l  be dea l t  w i t h  i n  a 
l a t e r  section. 

I f  the  working hypothesis de- 
scribed i n  the  previous paragraph i s  
accepted, the approximate form of the 
R curves f o r  a v a r i e t y  of materials 
can be inferred from unpublished data 
obtained by t h e  present authors. Fig- 
ure 2 shows some examples, curves A, B, 
and C ,  representing smoothed versions 
of a c t u a l  behavior. The curves f o r  
r e a l  materials a r e  always more or less 
e r r a t i c  on a f i n e  sca le ,  as indicated 
by curve D. Curve A represents a case 
approaching i d e a l  b r i t t l e  behavior , i n  
which case 
var iant .  This point i s  i l l u s t r a t e d  i n  
f igure  3, which shows the points  of 
tangency of g t r a c e s  t o  R curves 
of type A f o r  several  d i f f e r e n t  i n i t i a l  
crack lengths. This f igure ,  and others  

would be v i r t u a l l y  in-  
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Figure 3. - Showing near-invariancy of qc as function 
of in i t ia l  crack length for material having crack exten- 
sion resistance curve  of near-ideal-britt le type. 

Crack half-length, a, in. 

Figure 4. - Showing dependence of yc o! in i t ia l  crack 
length for material having crack extension resistance 
curve  of type B, f igure 2 (representative of AI 7075.T6). 

t h a t  follow a r e  representations of t h e  same kind as f igure  1. 
the  R curves a r e  i d e n t i c a l  except f o r  l a t e r a l  displacements of t h e  or ig ins  t o  
d i f fe ren t  values of the  i n i t i a l  crack half-length.  For t h i s  type of R curve, 

i s  almost constant,  t h e  locus tending t o  s l i g h t l y  lower values f o r  shorter  
i n i t i a l  crack lengths.  I n  prac t ice ,  behavior of t h i s  s o r t  is t o  be expected 
when the specimen breaks with a square, br i t t le-appearing f rac ture .  

I n  f igure  3, 

Figure 4 i s  a p l o t  s i m i l a r  t o  f igure  3 except t h a t  the  R curve i s  t h a t  
shown as type B i n  f igure  2. This curve i s  a good f i t  t o  the  data  f o r  aluminum 
7075.T6 reported i n  reference 12. The dependence of gc on i n i t i a l  crack 
length i s  qui te  considerable i n  t h i s  case compared with t h a t  shown i n  f i g a r e  3. 
When specimens a r e  used f o r  which 2a, i s  about 0.3 W or grea ter ,  the  s i tua-  
t i o n  i s  fur ther  complicated and may have a maximum value a t  some value of 
2ao, as w i l l  be shown later. 

gc 

To summarize thus far, some of the general  aspects of f r a c t u r e  mechanics 
toughness t e s t i n g  have been considered by r e f e r r i n g  t o  a quasi-two-dimensional 
prototype model specimen t h a t  has deferred consideration of some of the  com- 
p l e x i t i e s  involved when r e a l  specimens a r e  considered. An operational def ini-  
t i o n  has been given f o r  the  point of i n s t a b i l i t y  of crack extension i n  a tes t ,  
and 
point:  K, i s  defined s imilar ly .  The concept of crack extension resis tance R 
has been discussed, and the  working hypothesis t h a t  R i s  primarily a function 
of the  magnitude of crack extension 
length,  has been assumed. On t h i s  bas i s  it has been shown t h a t  gc may de- 
pend t o  some extent on t h e  i n i t i a l  crack length, the extent of t h e  dependence 
varying according to t h e  form of the R curve f o r  the  material. Thus, 9, 
i s  not t o  be regarded as an invariant  property of the  mater ia l ,  but r a t h e r  as a 
somewhat a r b i t r a r y  underestimate of the  l imi t ing  value of R f o r  a long crack 

4, has been defined as the  value of the  crack extension force a t  t h a t  

a - ao, independent of i n i t i a l .  crack 
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r Trace of plane of or ig inat ing crack (under normal stress) 
I 

b - 6 4  k B 4  
Slant V-slant 100 $4. percent square Square 

Figure 5. - Recommended descriptive terms for types of f racture surfaces observed in plate 
specimens i l lustrated by section views taken normal to direction of propagation. 

i n  a wide p l a t e  of the  material .  

ACTUAL CRACKS IN SPECIMENS OF FINITE THICKNESS 

Real, wide-plate specimens of f i n i t e  thickness B, i n  other respects  simi- 
lar  t o  t h e  quasi-two-dimensional prototype, w i l l  be considered here. Anyone 
famil iar  w i t h  f r a c t u r e s  of p l a t e  specimens knows the  common forms that they 
might take,  as i l l u s t r a t e d  by schematic sect ion views i n  f igure  5. The two ex- 
treme types of f rac ture  are r e f e r r e d  t o  here by the  terms s l a n t  and square i n  
preference t o  the  more usual terms shear and f l a t .  The term shear i s  mislead- 
ing because t h i s  type of f r a c t u r e  does not necessar i ly  occur by r e l a t i v e  d i s -  
placement of the  two surfaces i n  t h e i r  common plane, and t h e  term f la t  is am- 
biguous because a s l a n t  f r a c t u r e  can be as f la t  as a square f rac ture .  

Since o n l y t h e  extreme s l a n t  and square types of f r a c t u r e  surface a r e  
roughly f l a t ,  it i s  c lear  t h a t  the  f r o n t  of an extending crack i n  a r e a l  p l a t e  
i s  not even roughly represented by a s t r a i g h t  l i n e ,  except possibly i n  the  ex- 
.treme cases. Actually, as is  wel l  known, the f r o n t  of a square f rac ture  i s  

4- _ _ _ _ _ _ - -  

Start- 
i ng 
crack 
f ront 

(a) Fully developed slant fracture. 

(b) Predominantly square fracture. 

Figure 6. - Schematic drawing of various successive positions of crack fronts, 
shown as dashed lines, in specimens having fu l l y  developed slant f racture 
and predominantly square f racture (about 70 percent square). 

roughly parabolic with the  most 
advanced point at midthickness. 
For a f u l l y  developed s l a n t  f rac-  
t u r e ,  the f r o n t  i s  almost s t ra ight ,  
as shown i n  f igure  6(a) .  This has 
been establ ished by terminating 
t e s t s  of s t e e l  specimens a t  a 
point short  of i n s t a b i l i t y .  I n  
each case, the  specimen was re-  
moved from the  t e s t i n g  machine, 
heat t i n t e d  t o  mark the  crack 
boundary ( the  use of a l i q u i d  
s ta in ing  medium f o r  t h i s  purpose 
i s  not r e l i a b l e ) ,  then loaded 
again t o  complete the  f rac ture .  
In  the  general case of a mixed 
f r a c t u r e  consis t ing of a c e n t r a l  
square s t r i p  with s l a n t  borders, 
the  crack f r o n t  must be a non- 
planar curve. A good example of 
t h i s  case, obtained by the  heat- 
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t i n t i n g  procedure, i s  i l l u s t r a t e d  i n  reference 13. 

The value of f o r  a given load varies with pos i t ion  along t h e  crack 
f r o n t  according t o  the  curvature a t  t h a t  posi t ion.  Unfortunately, no de ta i led  
ana lys i s  has been made f o r  a curved f ron t  of a through-thickness crack i n  a 
p l a t e ,  though some ins ight  can be gained by reference t o  I rwin ' s  discussion of 
t he  case of a semie l l i p t i ca l  part-through crack ( r e f .  14). 
has t o  be assumed t h a t  a s ingle  average value of can be taken t o  apply t o  
t h e  whole crack f ron t  with su f f i c i en t  accuracy f o r  p r a c t i c a l  purposes. Essen- 
t i a l l y ,  t h e  f i n i t e  thickness  p l a t e  is  t r e a t e d  i n  t h e  same way as t h e  quasi-two- 
dimensional prototype specimen, and it i s  important t o  r e a l i z e  t h i s  because the  
generalized plane s t r e s s  model i s  only an approximation t o  the  r e a l  specimen, 
even i n  the  case of a t h i n  sheet specimen f r ac tu r ing  with a f u l l y  developed 
s l a n t  f r ac tu re .  Where apparent inconsis tencies  i n  t e s t  r e s u l t s  occur, t h e  ade- 
quacy of t h i s  model t o  represent  t he  ac tua l  t e s t  specimen should be ca re fu l ly  
reconsidered. 

Consequently, it 
4 
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The assumption of an average value of involves some assumption 8bout 
t he  value of t he  e f f ec t ive  crack length Z a  t o  be used i n  ca lcu la t ing  9. 
This w i l l  depend on t h e  method of measurement and w i l l  be discussed i n  a l a t e r  
sect ion.  It a l s o  involves t h e  use of a p l a s t i c  zone correct ion term, a l so  d is -  
cussed l a t e r .  A t  t h i s  point it i s  su f f i c i en t  t o  note t h a t  uncertainty about 
the  value of Za a t  i n s t a b i l i t y  i s  the  l a rges t  source of e r ro r  i n  4, mea- 
surements. 

- 

80- 

- 

Dependence of gc and Fracture Appearance on Thickness 

For a given mater ia l  at  a given temperature and t e s t i n g  speed, both the  
appearance of t he  f r ac tu re  of a p l a t e  specimen and t h e  4, value w i l l  depend 

'7- 
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Thickness, 6, in. 

Figure 7. - Dependence of ys and fracture appearance (in 
terms of percent square f r a h u r e l  on  thickness of plate 
specimens. Schematic, but based on  data for a luminum 
7075. T6. 

on the  thicGness. This depen- 
dence i s  not the  r e s u l t  of the 
metal lurgical  processing in- 
volved i n  reducing the  p l a t e  t o  
various thicknesses because the  
e f f e c t  can be demonstrated by 
t e s t i n g  specimens of d i f f e ren t  
thicknesses obtained by machin- 
ing from p la t e  stock of t he  same 
i n i t i a l  thickness.  Metallurgi- 
c a l  processing e f f e c t s  may a l s o  
occur, but these should not be 
confused with t h e  i n t r i n s i c  ef-  
f e c t  of thickness.  

The i n t r i n s i c  e f f e c t  of 
thickness i s  i l l u s t r a t e d  i n  f i g -  
ure 7, which i s  based on data  
f o r  aluminum 7075.T6 from r e f e r -  
ence 15. The curve i s  qual i ta-  
t i v e l y  t y p i c a l  of many high- 
s t rength meta l l ic  mater ia ls .  
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The quant i ta t ive aspects,  such as the peak value of 
value f o r  large thickness  SI^, the  thickness a t  which gc is grea tes t ,  and 
the  range of thickness over which t h e  major par t  of the  f rac ture  mode t r a n s i -  
t i o n  occurs a r e  a l l  dependent upon the  mater ia l  and the  t e s t i n g  temperature 
(and, i n  some cases, on t h e  speed of t e s t i n g ) .  For a par t icu lar  mater ia l  a t  a 
par t icu lar  temperature, these aspects depend upon t h e  y ie ld  s t rength l e v e l  when 
t h i s  i s  varied by thermal or mechanical treatment. 

gc, the  lower l imi t ing  

The i n i t i a l ,  ascending portion of the  curve of gC as a function of 
thickness i s  associated with f r a c t u r e s  t h a t  a r e  f u l l y  s l a n t  or V-slant, and is 
commonly explained by assuming t h a t  t h e  volume of associated p l a s t i c a l l y  de- 
formed mater ia l  per mit length of f rac ture  i s  proportional t o  the  square of 
t h e  thickness.  This follows from t h e  assumption that  the  pat terns  of p l a s t i c  
deformation f o r  d i f fe ren t  thicknesses i n  t h i s  range a r e  geometrically similar, 
which agrees with observation. If it i s  further assumed that t h e  densi ty  of 
p l a s t i c  deformation energy i s  constant throughout the  p l a s t i c a l l y  deformed vol- 
ume, the  p l a s t i c  work per u n i t  thickness per un i t  crack extension, which i s  
equated with gc, i s  d i r e c t l y  proportional t o  the  thickness.  Actually, the  
avai lable  data  a re  only s u f f i c i e n t  t o  confirm that  gc does increase with 
thickness i n  t h i s  range, not t o  confirm any par t icu lar  form of the  re la t ion .  
It seems unl ikely tha t  there  should be a simple l i n e a r  dependence. 

The descending portion of t h e  curve of gc as a function of thickness i s  
associated w i t h  the  occurrence and progressive dominance of square f r a c t u r e  
surface i n  the center of t h e  p la te  thickness.  A t  s u f f i c i e n t l y  large thick-  
nesses, the  s lant-fracture  borders occupy a negligible proportion of the  t o t a l  
f r a c t u r e  surface,  and gc approaches a lower l imi t ing  value g ~ ~ ,  refer red  
t o  as the  plane s t r a i n  f rac ture  toughness or t h e  opening mode f rac ture  tough- 
ness. I n  the  case of square f rac ture ,  it i s  usual ly  assumed t h a t  the  layer of 
associated p l a s t i c a l l y  deformed mater ia l  extends f o r  a constant distance from 
the f rac ture  surface,  independent of t h e  p la te  thickness.  Also, with the as- 
sumption t h a t  the  densi ty  of p l a s t i c  deformation energy depends only upon the 
distance from the  f rac ture  surface,  the  p l a s t i c  work per un i t  thickness per 
un i t  crack extension gIc w i l l  be independent of thickness f o r  a completely 
square f r a c t u r e  (refs. 1 2  and 1 6 ) .  

The roman numeral subscript  I r e f e r s  t o  the  f i rs t  of three component 
modes of crack extension distinguished by G. R. Irwin ( r e f s .  1 7  t o  1 9 ) .  I n  
t h i s  mode the mating crack surfaces separate as t h e  crack extends so that t h e i r  
r e l a t i v e  displacement i s  normal t o  the  f r a c t u r e  plane; hence, it i s  cal led the 
opening mode. It corresponds t o  the  i n t u i t i v e  concept of cleavage separation 
(but  should not be confused w i t h  cleavage i n  a microcrystall ine sense). Modes 
I1 and I11 are re fer red  t o  as the  edge s l i d i n g  mode and the  screw s l i d i n g  mode, 
respect ively (analogous t o  the  concepts of edge and screw dis locat ions i n  crys- 
t a l s ) ,  I n  t h e  two s l i d i n g  component modes, there  is  no r e l a t i v e  displacement 
of the  mating crack surfaces i n  t h e  d i rec t ion  of t h e i r  normal; t h e  surfaces are 
supposed t o  s l i d e  over one another either i n  the  d i rec t ion  of crack extension 
or normal t o  it. Any a r b i t r a r y  mode of crack extension can be represented as a 
l i n e a r  combination of these three  component modes, and the three  quant i t ies  
g,, 4,,, and gIII are the  corresponding r a t e s  of t r a n s f e r  w i t h  crack ex- 

tension of energy from t h e  surrounding e l a s t i c  s t r a i n  f i e l d  t o  other forms 
(ref. 1 7 ) .  
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From a macroscopic point  of view, square f r ac tu res  are usual ly  considered 
t o  r e s u l t  from simple mode I crack extension i n  a gross sense. I n  microscopic 
d e t a i l ,  they are qui te  complex and may involve a vaxiety of f r ac tu re  modes. In  
prac t ice ,  g,, 
opening mode crack extension. 
loaded i n  tens ion  ( i n  cont ras t  t o  t o r s ion )  a r e  not t h e  result of pure s l i d i n g  
mode crack extension i n  a gross sense. A s  can be deduced by observing such 
specimens during tests, t h e  component of relative displacement normal t o  the  
crack surfaces  is  considerable. Fractographic examination confirms t h a t  t h i s  
must be so  because the  d u c t i l e  dimples observed on s lan t - f rac ture  surfaces  of 
specimens broken i n  tens ion  a re  not general ly  pronouncedly elongated i n  one 
pa r t i cu la r  d i r ec t ion  ( r e f .  2 0 ) .  

r e f e r s  t o  t h e  gross average toughness value for macroscopic 
Slant  f rac tures  t h a t  occur when specimens are 

The plane s t r a i n ,  or opening mode, crack toughness gIc i s  of spec ia l  
importance i n  t h a t  it represents  a p r a c t i c a l  lower l i m i t  t o  the  f r ac tu re  tough- 
ness of a material i n  a given condition and a t  a given temperature and r a t e  of 
t e s t i n g .  The possibly lower values of 9, f o r  very small thicknesses a re  
only r a r e l y  of p r a c t i c a l  importance, and apparently no such values have yet  
been measured for any mater ia l .  
t h e  f r ac tu re ,  i f  it occurred, would be v i r t u a l l y  completely squaFe, and the  re -  
l a t i o n  of load-bearing capab i l i t y  t o  crack dimensions would be governed by 
4 1 ~ .  Even when the  sec t ion  of t he  load-bearing member is  t h i n  enough so t h a t  
t he  f r ac tu re  would be pa.rt ly or e n t i r e l y  s l a n t ,  t he  load-bearing capab i l i t y  
might be governed by 4,, r a the r  than by the  value of measured f o r  t he  
ac tua l  thickness,  unless  t h e  r a t i o  
depend on the  shape and s i z e  of t he  i n i t i a l  crack. More de t a i l ed  discussion of 
t h i s  point i s  given i n  references 6 and 19. 

There are many p r a c t i c a l  appl ica t ions  where 

9,/81, exceeded some value t h a t  would 

From the  point  of view of  having a s ing le  value represent ing t h e  f r ac tu re  
toughness of a mater ia l ,  gIC 
(provided t h a t  these  a r e  s u f f i c i e n t l y  large f o r  a proper 
contrast  t o  
crack length,  as has been shown. O f  course, mater ia ls  exhib i t  nonuniformity 
and anisotropy with respect  t o  
t h i s  has t o  be taken i n t o  consideration i n  evaluat ing a mater ia l .  In  general, 
i n  t h e  absence,of more spec i f i c  information, it w i l l  always be a safe  prac t ice  
t o  use a properly determined value of 
a mater ia l ,  except possibly i n  some cases of very t h i n  sheet or f o i l .  

is independent of t h e  dimensions of t he  specimen 
measurement) i n  

gC, which depends s t rongly on thickness and t o  some extent  on 

gIc? j u s t  as they  do f o r  other  proper t ies ,  and 

4 1 ~  as t h e  measure of t he  toughness of 

gIC Measurement a t  Meta ins tab i l i ty  or "Pop-in" 

The most obvious way t o  measure 4,- would be t o  t e s t  a s u f f i c i e n t l y  
th i ck  p l a t e  specimen of t h e  mater ia l .  This might not always be convenient, or 
even possible,  and c e r t a i n l y  would not be very economical of mater ia l .  Because 
of the  importance of $ I ~ ,  a number of d i f f e ren t  types of specimens have been 
developed f o r  measuring it. A t  t h i s  point it i s  convenient t o  discuss  the  con- 
cept of meta ins tab i l i ty  and t h e  so-called pop-in method of measuring 
which appl ies  t o  severa l  of these types of specimens and which makes it 

aIC, 
ble  t o  use thinner  specimens than would be required t o  obtain an almost 
l y  square f r ac tu re .  

possi-  
en t  i r e  - 
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The pop-in method of (9 determination was first proposed by Boyle, 
Sullivan, and Kkafft (ref. 2lf: who observed i n  t e s t s  of sheet specimens of 
aluminum 7075.T6 t h a t  the f i r s t  appreciable extension of t he  crack occurred as 
a d i s t i n c t  burs t  or pop-in t h a t  w a s  then followed by a s tage of gradual crack 
extension as t h e  load was fu r the r  increased. The same phenomenon had been ob- 
served by numerous other  inves t iga tors  i n  the  form of an audible ping or c l i c k  
at  t h e  pop-in load, but i t s  s ignif icance had apparently not been appreciated. 
Boyle, e t  al. (ref. 21) w e r e  ab le  t o  show tha t  t h e  value of 4 a t  pop-in was 
e s s e n t i a l l y  the  same as the value of 
s u f f i c i e n t l y  th i ck  p l a t e  specimen. 

gIc, which would be determined w i t h  a 

The term pop-in i s  descr ip t ive  of w h a t  a c tua l ly  occurs, namely, an abrupt 
extension of t h e  crack f r o n t  from i ts  i n i t i a l  pos i t ion  t o  some posi t ion such as 
t h a t  labeled 5 i n  f igu re  6(b)  (p. 9), while the load remains constant or even 
drops s l i g h t l y .  The crack movement can be followed during a t e s t  by using the  
output from e i t h e r  an  e l e c t r i c a l  po ten t i a l  measuring device or a displacement 
gage t o  dr ive an X-Y recorder,  as dijxcussed i n  t h e  sect ions nECTRICAL POTEN- 
TIAL MEASUREMENT and DISPLACEMENT GAGES. Figure 8 shows th ree  contrast ing 
examples of e l e c t r i c  p o t e n t i a l  change at constant current  as a funct ion of load 
f o r  specimens of maraging steel  0.2 inch thick.  Example A represents material 
aged 3 hours a t  600° F, B aged a t  1000° F, and C aged a t  800° F. 
ind ica te  in te r rupt ion  of the t e s t s  f o r  heat t i n t i n g  t o  mark t h e  crack f ron t  
posi t ions.  Whereas example C exhib i t s  very d i s t i n c t  pop-in behavior, example B 
i s  somewhat ambiguous, and example A i s  apparently not in te rpre tab le  i n  terms 
of pop-in a t  a l l .  In t h e  case of example C, t he  hea t - t in t ing  procedure showed 

The arrows 
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Electric potential change 

Figure 8. - Three typical examples of change in electric 
potential as funct ion of load dur ing  test of single-edge- 
notch tension specimens. There is good correlation 
between electric potential change and crack extension. 
Specimens were maraging steel aged 3 h o u r s  at 600' F, 
A; 1000° F, B; and 800°F, C. 

t h a t  t he  shape of t h e  crack f ron t  a f t e r  
pop-in was  approximately t h a t  shown as 
pos i t ion  5 i n  figure 6 (b ) ,  although t h e  
f r ac tu re  i n  t h i s  case was l e s s  than 
50 percent square. These three  examples 
serve t o  make the  further point ,  dis-  
cussed later,  that d i s t i n c t  pop-in be- 
havior i s  not always observed and there-  
fo re  cannot be depended on f o r  
measurement i n  a l l  cases. gIc 

When pop-in does occur it s a t i s f i e s  
t he  i n s t a b i l i t y  condition 
but t h e  i n s t a b i l i t y  is only temporary, 
s o  t h a t  it i s  r e fe r r ed  t o  as metainsta- 
b i l i t y .  It will now be considered i n  
terms of t he  crack extension res i s tance  
curves discussed earlier. Figure 9 
shows a projected curve of R against  
a, which is  derived f r o m t h e  records of 
t e s t s  of t he  maraging s t e e l  aged 3 hours 
at 800° F, t h e  records being s imi la r  t o  
example C of figure 8, but  car r ied  t o  
more advanced stages.  A s  t he  specimen 
is extended, t h e  slope of t he  
against  a t r a c e  increases i n  proportion 
t o  IJ'. The 44 t r a c e  in te rcepts  the 

da/de = 0, 
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Figure 9. - Metainstabil ity at gIc and ultimate instabi l i ty 
at gc for wide plate specimen of material exhibit ing pro- 
nounced pop-in behavior, as indicated by marked step in 
curve of R against a. Schematic; but pop-in behavior 
based on  actual tests of maraging steel aged 3 hours  at 

Figure 10. - Behavior of two wide plate specimens of same 
material and thickness having considerably different 
i n i t i a l  crack lengths: A, short crack, specimen breaks 
at load corresponding to gIC; B, long crack, ult imate 
load i s  considerably higher than that corresponding to 

800' F. "$IC 

R curve s o  t h a t  equilibrium i s  maintained u n t i l  t h e  s t e p  i n  the R curve i s  
reached. A t  t h i s  point t h e  value of R over a c e r t a i n  i n t e r v a l  of a - a. i s  
l e s s  than the  value of 9 corresponding t o  t h e  s t r e s s  a t  the  point gIc. 
Thus, t h e  balance between 9 and R is  temporarily upset u n t i l  the  crack has 
extended t o  t h e  point a1 or somewhat beyond. The extent  t o  which t h e  load 
drops i n  t h i s  i n t e r v a l  i s  a function of several  var iables .  However, 9 and R 
w i l l  again become balanced a t  some value of a s l i g h t l y  greater  than a1 and 
w i l l  remain so,  on t h e  average, u n t i l  t h e  point i s  reached. Beyond t h i s  
point,  the  load cannot increase f u r t h e r ,  and, even though extension of t h e  
specimen is ha l ted  a t  t h i s  point ,  the  excess of over R will continue t o  
increase with increasing a,  s o  t h a t  crack extension accelerates  under t h e  
dr iving force of the  excess e l a s t i c  s t r a i n  energy of the  system. This may be 
re fer red  t o  as t h e  ult imate i n s t a b i l i t y  point of t h e  t e s t  as distinguished from 
the  meta ins tab i l i ty  t h a t  occurs a t  g,, . 

One of t h e  consequences of the hypothesis t h a t  t h e  value of R i s  a func- 
t i o n  of a - a. only is  i l l u s t r a t e d  i n  f igure  10. This represents two wide 
p l a t e  specimens, supposedly i d e n t i c a l  except t h a t  t h e  i n i t i a l  crack lengths are 
d i f fe ren t .  The R curves a r e  therefore  i d e n t i c a l  but or ig ina te  a t  d i f fe ren t  
values of ao. The behavior of the  specimen with t h e  longer crack, curve B, i s  
the  same as t h a t  described i n  connection with f igure  9. The behavior of t h e  
specimen with t h e  shorter  crack, curve A, w i l l  be d i f f e r e n t  i n  t h a t  ult imate 
i n s t a b i l i t y  w i l l  be reached at 
t h e  value reached a t  pop-in. If extension of the  specimen i s  maintained a t  a 
steady r a t e ,  t h e  load w i l l  drop a t  pop-in, then may increase again s l i g h t l y ,  
but the  load a t  which 9 and R are equal a t  any subsequent s tage of crack 
extension will always be l e s s  than the  pop-in load. 
capabi l i ty  of the specimen i s  controlled by 
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gIc; t h a t  i s ,  t h e  load cannot increase beyond 

Thus, t h e  load-bearing 
gIC and not by some higher value 



x u m L 
V 

of 
be measured by using a specimen with a 
longer crack, as curve B. This compar- 
ison emphasizes t h e  point t h a t  was made 
e a r l i e r  about the  control l ing significance 
of 91, i n  some cases, bearing i n  mind 
tha t  t e s t  specimens a r e  nothing more than 
simple examples of s t r u c t u r a l  members. 

4,, even though a higher value could 

Two contrast ing examples of sche- 
matic R curves a r e  shown i n  f igure  11. 
Example A represents a r e l a t i v e l y  t h i n  
specimen i n  which the developed f rac ture  
i s  f u l l y  s l a n t  and the  i n i t i a l ,  t r iangular  
region of square f r a c t u r e  ( see  f i g .  6 ( a ) )  
(p. 9 )  is  qui te  s m a l l .  The magnitude of 
t h e  pop-in i s  reduced t o  t h e  point where 

Figure 11. -Extreme cases of pop-in behavior: A, thin 
specimen exhibit ing no  well-defined pop-in; B, th ick  
specimen where pop-in coincides with maximum load, 
that  is, specimen breaks completely at pop-in. 

it cannot be detected with confidence, and 

9,, cannot be measured with any confi- 
dence of accuracy. In  a case l i k e  t h i s  it 
may be possible t o  obtain a well-defined 

pop-in measurement of 
can be tes ted .  But it should not be assumed that  t h i s  w i l l  always be the case. 
The authors have found, by using SAE 4340 s teel  specimens, f o r  instance,  t h a t  
well-defined pop-in's do not always occur even when specimens a r e  used t h a t  a r e  
s u f f i c i e n t l y  th ick  f o r  the  developed f rac tures  t o  be more than  50 percent 
square. This r a i s e s  the question of how gIC might be measured f o r  such ma- 
ter ia ls ,  but there  is  no s a t i s f a c t o r y  answer t o  t h i s  question yet.  It i s  hoped 
t h a t  research cur ren t ly  i n  progress may resolve t h e  m a t t e r .  While it i s  some- 
times assumed that  
t e s t i n g  round notched bars  of s u f f i c i e n t  s i z e  (which a r e  discussed i n  the  sec- 
t i o n  Circumferentially Notched Round B a r s ) ,  there  i s  r e a l l y  no conclusive evi-  
dence a t  the  present time t h a t  t h i s  assumption i s  warranted. 

gIC if a specimen of s u f f i c i e n t l y  greater  thickness 

gIc measurements can always be s a t i s f a c t o r i l y  made by 

Example B i n  f igure 11 represents t h e  other extreme, i n  which the  devel- 
oped f rac ture  of a p l a t e  specimen i s  almost e n t i r e l y  square, t h e  pop-in i s  very 
pronounced, and the  subsequent increase i n  R is  very gradual because there  i s  
very l i t t l e  development of s lant-fracture  borders. For any p r a c t i c a l  i n i t i a l  
crack length, the load cannot increase beyond the  value at  pop-in, so t ha t  gIc 
i s  well  defined by the maximum load value and the  i n i t i a l  crack length. The 
record of load as a function of crack length i n  t h i s  case w i l l  show a sharp 
peak a t  the  load corresponding t o  gIc, followed by a rap id  decrease of t h e  
load. 

I n  t h i s  sect ion an e f f o r t  has been made  t o  describe and explain t h e  pop-in 
phenomenon and i ts  use f o r  measurement by reference t o  t h e  Kraff t  hy- 
pothesis of an invariant  curve of R against  a - ao. It i s  worth repeating 
t h a t  t h i s  hypothesis, w h i l e  probably a good f i r s t  approximation, m a y  require  
some modification i n  t h e  l i g h t  of fu ture  experimental information. I n  f a c t ,  it 
will be an important aspect of f r a c t u r e  mechanics research i n  the immediate fu- 
t u r e  t o  conduct experiments designed t o  t es t  and extend t h i s  hypothesis. It 
s e e m s  l i k e l y t h a t ,  while the dominating f a c t o r  on which R depends f o r  a given 
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material, thickness and t e s t i n g  conditions,  i s  indeed a - ao, the re  may w e l l  
be a secondary influence of i n i t i a l  crack length.  This might be qui te  s i g n i f i -  
cant when t h e  i n i t i a l  crack length i s  s u f f i c i e n t l y  shor t  so t h a t  t h e  net  sec- 
t i o n  stress a t  gc approaches t h e  y i e ld  s t rength  of t h e  mater ia l .  This i s  a 
s i t u a t i o n  t h a t  might be avoided i n  f r ac tu re  mechanics t e s t i n g  but  t h a t  i s  not 
always avoidable i n  p r a c t i c a l  f r ac tu re  problems. 

PRACTICAL SPEC" TYPES 

The discussion has so  far centered around f la t  tens ion  specimens having 
t ransverse cracks of length less than  one-tenth of t h e  specimen width. These 
specimens a r e  conveniently simple f o r  t h e  purpose of discussing general  con- 
cepts.  I n  subsequent sect ions various types of specimens w i l l  be considered 
t h a t  a r e  more su i t ab le  f o r  p r a c t i c a l  t e s t i n g  purposes, e i t h e r  because they re- 
quire l e s s  mater ia l  and lower t e s t i n g  load capacity,  or because they  provide 
conditions of grea te r  e l a s t i c  cons t ra in t .  F i r s t ,  two types of specimen w i l l  be 
considered t h a t  a r e  pr imari ly  intended f o r  general  gc (mixed mode) toughness 
t e s t i n g  but t h a t  may sometimes be used f o r  
method. Then those specimen types t h a t  are regarded as su i t ab le  f o r  
measurement only w i l l  be considered. While t h e  specimen types discussed here 
are those having the  m o s t  general  appl icat ion,  there  a r e  numerous other types 
t h a t  have been, o r  could be, devised f o r  spec ia l  purposes, t h e  only qua l i f ica-  
t i o n  being t h a t  a s a t i s f a c t o r y  specimen design must be amenable t o  a s u f f i -  
c i e n t l y  accurate s t r e s s  analysis  t o  obta in  an accurate expression f o r  g. 
This expression could be obtained e i t h e r  mathematically o r  experimentally, as 
i l l u s t r a t e d  by references 22 and 23, respect ively.  I n  pa r t i cu la r ,  Winne and 
Wundt have discussed t h e  use of notched r o t a t i n g  disks  ( r e f .  24), and Ripling, 
Mostovoy, and Patr ick have discussed specimens f o r  measurement of f r ac tu re  
toughness of adhesive j o i n t s  ( r e f .  25).  

gIc measurement by the  pop-in 
4,, 

I n  connection with each of t h e  p r a c t i c a l  specimen types the  appropriate 
expression f o r  
ca lcu la t ing  9 w i l l  be discussed, including t h e  p l a s t i c  zone correct ion term 
t h a t  i s  added t o  the  observed value of t h e  ac tua l  crack length.  Also discussed 
w i l l  be t h e  capac i t ies  of t he  various types of specimens f o r  measurement of 

91, ' i n  r e l a t i o n  t o  specimen s i ze .  For t h i s  purpose, an unfamiliar 
symbol represent ing t h e  gc measurement capacity,  namely, Cg i s  introduced 
t o  represent  t h e  maximum value of t h a t  could be measured with acceptable 
accuracy with a specimen of given dimensions made of a mater ia l  of given y i e ld  
s t rength  and e l a s t i c  modulus. This will allow a summary comparison t o  be made 
of t h e  d i f f e ren t  types of specimens for 
meri ts  and l imi ta t ions  of each type. 

g and the  value of t h e  e f f ec t ive  crack length t o  be used i n  

or 

gc 

gIc t e s t i n g ,  which ind ica tes  t he  

m T R I C A L  PLATE SPEClMENS FOR GENE= 9' MFAsuREMENT 

These two types of specimens a r e  i l l u s t r a t e d  i n  f igu re  29 of appendix A 

equal t o  about 0.3 W, where 
( p .  55). 
cen t r a l  t ransverse crack of i n i t i a l  length 
W 
having a longer crack f o r  a given width. 

The center-cracked type ( f i g .  29(a) )  i s  provided with a simulated 
2a0 

i s  the  width and is  obviously a modification of t h e  wide p l a t e  specimen 
The symmetrically edge-cracked type 
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( f i g .  29(b) (p .  55)) is  provided with 
equal t ransverse edge cracks of i n i t i a l  
length a. equal t o  about 0.15 W. 
These two specimens are e s s e n t i a l l y  
equivalent except f o r  a s l i g h t  d i f f e r -  
ence i n  the  expressions f o r  9, and the  
choice between them i s  mainly a matter 
of convenience i n  preparation. The d is -  
cussion w i l l  therefore  be confined 
l a rge ly  t o  the  center-cracked specimen 
with the  understanding that it appl ies  
i n  general  equal ly  t o  t h e  symmetrically 
edge -cracked specimen. 

3.0 - 

2.5 - 

N" Greenspan (ref. 28) 
iz 2.0- 
5; 
0 

W 

1.5 - 

0 . 2  .4 . 6  .a 1.0 
1.0 

24w 

according to Greenspan and tangent expressions for 
symmetrical ly center-cracked plate specimens showing 
that  difference is not inconsequential. t o  t he  f r e e  edges of the  specimen when 

The e l a s t i c  s t r a i n  energy f i e l d  i n  
the  v i c i n i t y  of the  ends of t he  crack i s  
appreciably influenced by the proximity 

za/w exceeds about 0.1. Consequently, 

Figure 12. - Comparison of E d m 2 a  against 2a/W 

g 
E g  = .rra2a. 
mit tee  on Fracture Testing ( r e f .  5)  i s  t h e  tangent form derived by Irwin ( r e f s .  
11 and 1 7 )  from an ana lys i s  by Westergaard ( r e f .  26)  : E 9 = aZW tan(fla/W). A n  
e a r l i e r  expression w a s  derived by Kies (ref. 27)  from t h e  work of Greenspan 
( r e f .  28) and i s  kncan a s  t h e  Greenspan or polynomial form. While t h i s  form i s  
occasionally s t i l l  used, it i s  preferable  t o  use t h e  tangent form i n  the in-  
t e r e s t s  of consistency w i t h  t h e  majori ty  of invest igators .  To show that  t h e  
difference between these expressions i s  not inconsequential, they a re  compared 
i n  f igu re  12 on a dimensionless basis, Eg/.rrc?a, which i s  equal t o  the  configu- 
r a t i o n a l  or geometric f ac to r  i n  each case p lo t t ed  against  

i s  then no longer given with su f f i c i en t  accuracy by the  equation 
The appropriate expression recommended by the  ASTM Special  Com- 

2a/W. 

Effect ive Crack Length and P la s t i c  Zone Correction Term 

The value of t h e  e f f ec t ive  crack length 2a, which should be used i n  ca l -  

2%, but a l s o  in-  
2ry t o  correct  f o r  the  s t ress - re lax ing  e f f e c t  of t he  p l a s t i c a l -  

cu la t ing  9 
estimated average length of t h e  a c t u a l  crack a t  i n s t a b i l i t y  
cludes a term 
l y  deformed zones a t  each end of t h e  crack; t h a t  is, a = % + ry. 
of generalized plane s t r e s s  i s  assumed, as i n  the  case of a 
a t  ul t imate  i n s t a b i l i t y ,  ry i s  taken t o  be equal t o  E (4/2nu&, where aYs 
i s  t h e  0 .2  percent o f f s e t  t e n s i l e  y i e ld  s t rength.  
usual ly  assumed for 4,, measurements, rIy may be taken as one-third of t h e  
plane stress value, t h a t  is, E$/6na&. The bas is  f o r  these correct ion terms 
has been thoroughly discussed i n  t h e  l i t e r a t u r e  (refs. 5, 11, and 29) so t h a t  
no extensive discussion i s  needed here.  It i s  important here,  however, t o  em- 
phasize t h e  point that  t h i s  method of correct ing an assumed e l a s t i c  stress 
ana lys i s  t o  take account of i n e l a s t i c  s t r a i n  i n  a l imi ted  region i s  somewhat 
a r b i t r a r y  and approximate. For t h i s  reason, calculated values of 48 should 
be regarded as increasingly inaccurate the  greater the r a t i o  This i s  
one f ac to r  that  should be considered i n  deciding how la rge  a specimen i s  needed 

from the  tangent equation given previously,  i s  not simply the  

When a s t a t e  
gc measurement 

For a state of plane s t r a i n ,  

ry/a. 
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f o r  an accurate measurement of 
of the ASTM Special  Committee on Fracture Testing on t h i s  point i s  somewhat 
different ,  as discussed i n  t h e  following section. 

gc, but t h e  bas i s  of the  current recommendation 

The calculat ion of g i s  complicated by t h e  inclusion of t h e  p l a s t i c  zone 
correct ion term, which i t s e l f  i s  a function of 
case of t h e  wide p l a t e  specimen, 4 
t i o n  of t h e  load and t h e  specimen dimensions and must be calculated from the  
implici t  equation by e i t h e r  a graphical or an i t e r a t i o n  procedure. The graphi- 
c a l  procedure f o r  t h e  symmetrically cracked p l a t e  specimens i s  described i n  
reference 5. The i t e r a t i o n  procedure i s  simply a matter of f i rs t  calculat ing a 
f i rs t  approximation t o  4 ry, next calculat ing a second approx- 
imation t o  %? e n t a i l i n g  a value of ry based on t h e  f i rs t  approximation t o  4, 
and so  on. Convergence w i l l  normally be very rapid,  and t h e  i t e r a t i o n  proce- 
dure i s  the  na tura l  one t o  use f o r  a d i g i t a l  computer calculat ion program. 

4. Except i n  the  simplest 
cannot be expressed as an e x p l i c i t  func- 

by neglecting 

gC Measurement Capacity i n  Relation t o  Specimen Size 

If the  width of a center-cracked p l a t e  specimen i s  l e s s  than some value 
t h a t  i s  d i r e c t l y  proportional t o  the  value of 
net sect ion s t r e s s  a t  i n s t a b i l i t y  w i l l  exceed the  uniax ia l  t e n s i l e  y ie ld  
s t rength of the  mater ia l .  A t e s t  of t h i s  s o r t  i s  not represented even approxi- 
mately by a l i n e a r  e l a s t i c  s t r e s s  f i e l d  model and therefore  does not provide a 
useful  measurement of gc. Even when i n s t a b i l i t y  occurs at an average net  sec- 
t i o n  s t r e s s  l e s s  than the yield s t rength,  the  accuracy of gc measurement i s  
lower the  greater  the  value of ry/a, as mentioned e a r l i e r .  The r a t i o  ry/a 
increases i n  proportion t o  the  square of t h e  r a t i o  of the  average net sect ion 
s t r e s s  t o  the  y ie ld  s t rength  f o r  a given value of It follows that the  
la rger  the  specimen t h a t  i s  tes ted ,  the  more accurate the  measurement of 
i s  l i k e l y  t o  be. Similar considerations apply t o  t h e  specimens f o r  gIC t e s t -  
ing, which w i l l  be discussed i n  the sect ion SPECIMENS SUITABLE FOR 
S" ONLY. 

gc t o  be measured, t h e  average 

2a/W. 

%& MEA- 

It i s  of considerable p r a c t i c a l  importance t o  be able  t o  estimate how 
large a value of gc 
center-cracked specimen of a given width For t h i s  purpose the  ASTM Special  
Committee on Fracture Testing has suggested t h e  c r i t e r i o n  t h a t  the  gC mea- 
surement will be s u f f i c i e n t l y  accurate if  the  average net sect ion s t r e s s  a t  in- 
s t a b i l i t y  does not exceed 80 percent of the  0.2 percent o f f s e t  t e n s i l e  y ie ld  
s t rength,  ays ( r e f .  9 ) .  This i s  a t e n t a t i v e  recommendation based on a l imited 
number of t e s t s  of specimens having d i f f e r e n t  widths and crack lengths,  which 
indicated t h a t  w a s  independent of width and crack length when t h i s  condi- 
t i o n  was  s a t i s f i e d .  It would appear t h a t  the  mater ia ls  used f o r  these tests 
must have R curves of a type t h a t  would r e s u l t  i n  ac being insens i t ive  t o  
crack length,  t h a t  i s ,  l i k e  type A i n  f igure  2 (p.  7 )  r a t h e r  than types B or C. 
It should be noted t h a t  there  i s  a d i s t i n c t i o n  t o  be made here between an in- 
t r i n s i c  dependence of 4, on crack length due t o  the  shape of the  R curve, 
which e x i s t s  even when t h e  t e s t  i s  wel l  represented by t h e  l i n e a r  e l a s t i c  
stress f i e l d  model, and an apparent dependence of 
curs when the  average s t r e s s  i s  too  close t o  y i e l d  t o  be properly represented 
by the  l i n e a r  e l a s t i c  model. 

could be measured with acceptable accuracy by using a 
W. 

ac on crack length t h a t  oc- 
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Subst i tut ing the  condition anet = 0.8 ays 
f o r  Cg t h e  maximum value of tha t  could be measured with acceptable accu- 
racy f o r  a given y i e l d  s t rength,  e l a s t i c  modulus, and specimen dimensions 

i n  t h e  tangent equation y ie lds  

where i s  t h e  estimated average half-length of the  a c t u a l  crack a t  ins ta -  
b i l i t y ,  and a = t- ry. 

This expression f o r  Cg can be regmded as t h e  product of four d i s t i n c t  
fac tors ,  each having a par t icu lar  significance: 

(1) The numerical constant 0.64 represents  a f a c t o r  of u t i l i z a t i o n  based 
on experimental r e s u l t s .  

( 2 )  The dependence of Cg on t h e  propert ies  of the mater ia l  under tes t  i s  
represented by a$,/E. 

(3) The width W i s  t h e  charac te r i s t ic  dimension representing specimen 
s i z e .  

( 4 )  The e f f e c t  of the  r a t i o  of crack length t o  width i s  represented by a 
dimensionless f a c t o r  (1 - 2%/W) t an(  f i a / W ) .  

The length of the  specimen should be proportional t o  W and chosen t o  be 
s u f f i c i e n t  so that  there  i s  a region of uniform s t r e s s  d i s t r i b u t i o n  between the 
crack and each of the end regions of the  specimen through which t h e  load i s  ap- 
plied.  

mens shown i n  f igure  29 (p. 55) of ap- 
pendix A a r e  j u s t  about s u f f i c i e n t  f o r  
the  pin-loading method shown. With 
proportionately shorter  specimens, the  
interference between t h e  s t r e s s  f i e l d  
of the  crack and tha t  of each of t h e  
loading pin holes would be appreci- 
able. Specimen thickness f o r  gc 
measurement m a y  be varied over a con- 
s iderable  range f o r  a given value of 
W, as indicated i n  f igure 29, and w i l l  
be discussed i n  the next section. 

F’hotoelastic s tudies  have confirmed that  the proportions of the speci-  

.25-  

0.64 (1 - 2a,,,~1)2 tan (?ra~~’) = E C ~ / & W  
From t h e  expression f o r  Cg 

given previously it follows tha t  t h e  
1 1 I most e f f i c i e n t  value of 2aJw w i l l  

.a 1.0 be t h a t  f o r  which t h e  quantity 
tan(  na/W), which is  2 a n ~ ~  .6 0.64(1 - 2%/W) 

equal t o  ECg/G&w, is greatest .  

f igure  13, showing t h a t  t h e  maximum 

0 . 2  .4 

Figure 13. - Dependence of ECg/o;?ySW for symmetrically This 
center-cracked specimens o n  2am/W, where C y  i s  quant i ty  i s  p lo t ted  against  Z%/W i n  
estimate of maximum value of gc that can be measured 
with acceptable accuracy for given values of W, E, and 
uYs (see text). 
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Figure 14. - Ratio of plastic zone size correction t e r m  to 
effective crack half-length ry/a against 2a" a? 
l imi t ing condition for use of center-cracked plate spec- 
imens for yc measurement, unet = 0.8 UYS. 

occurs i n  t h e  range of 2%/W between 
0.3 and 0.4. This i s  t h e  bas i s  f o r  t h e  
recommendation t h a t  2a0 should be 
about 0.3 W f o r  t h e  center-cracked 
specimen. The usefu l  range of Z%/W 
extends up t o  about 0.6,; beyond t h i s  
point,  the  accuracy of t h e  expression 
f o r  QJ becomes increasingly dubious 
(ref.  11). Furthermore, t h e  accuracy 
of the  estimate of 4 becomes increas- 
ingly dependent on t h e  accuracy of the  
value of a t h a t  i s  used, and t h i s  i s  
t h e  l e a s t  accurate of the  several  mea- 
surements from which 4 i s  calculated.  
Thus, i f  Z%/W exceeds 0.6 i n  any 
t e s t ,  the  r e s u l t  should not be used f o r  
anything more than a rough estimate of 

9,. Additional t e s t s  of wider speci- 
mens a r e  necessary f o r  accurate 
measurement i n  such cases. 

9, 

For values of Z%/W much less than 0.3, l imi ta t ion  of the average net  
sect ion s t r e s s  t o  80 percent of t h e  y ie ld  s t rength may not be a s u f f i c i e n t  in-  
dicat ion t h a t  an acceptably accurate determination of 6c w i l l  r e s u l t .  The 
reason i s  t h a t ,  f o r  onet = 0.8 oys, t h e  r a t i o  ry/a increases as 2%/W in- 
creases, as shown i n  f igure  14. To a f i r s t  approximation, if  the estimate of 
r 
4' w i l l  be proportional t o  ry/a mult ipl ied by t h e  e r r o r  i n  ry. 
ence 30 it i s  suggested t h a t  t h e  value of 

2 estimate of by more than about +25 percent, so t h a t  the  consequent 
e r r o r  i n  the  calculated value of 4 
25ry/a percent. The value of t h i s  l i m i t  increases from 4.4 percent a t  2%/W 
equal t o  0.3, t o  8 percent as 2%/W approaches zero (from f i g .  14) .  I n  gen- 
e r a l ,  it would,seem desirable  t h a t  should not exceed about 0.2,  so  t h a t  
any associated e r ror  i n  9 

as E@/Zfio& i s  i n  e r r o r ,  the  consequent e r r o r  i n  t h e  calculated value of 
I n  r e f e r -  

ry i s  unl ikely t o  d i f f e r  from the  
E 9  /2fioys 

would be expected t o  be no grea te r  than  

ry/a 
would be l i k e l y  t o  be l e s s  than 5 percent. 

The aC measurement capacity of a center-cracked specimen 
estimated by r e f e r r i n g  t o  f igure  13. 
value of 2am/W i s  equal t o  t h e .  value of ECg/crys;. When 2am/W i s  between 
0.3 and 0.45, C 0.2 WayS/E, and t h i s  value may be 
regarded as the  maximum aC 
","??': The same figures can be used i n  estimating t h e  toughness measurement 
capaci t ies  of symnetrically edge-cracked specimens. 

Cg may be 
The value of t h e  ordinate f o r  a given 

2 

i s  s l i g h t l y  greater  than g 
measurement capacity of the  center-cracked type of . The maximum K, measurement capacity i s  therefore  about 0.45 

YS 

Variation of 4c with Crack Length and Specimen Width 

The preceding discussion of 4c measurement capacity involved the  im- 
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p l i c i t  assumption that  gc 
would be independent of i n i t i a l  
crack length, as would be t h e  
case f o r  a mater ia l  with an R 

.- c w curve similar to type A i n  f i g -  
m e  2 (p. 7 ) .  Assuming ye t o  
be independent of i n i t i a l  crack 
length enabled avoidance of an 
unduly complicated discussion of 
ye  measurement capacity, and 
the  conclusions reached a r e  not 
s u b s t a n t i a l l y  d i f fe ren t  from 
those tha t  would have followed 

600- 

a- ; m- 
VI al L 

U I  m 
b.C 300- 

w from a more general discussion. 

Y The next question to be 

r 

discussed i s  how 9, might de- 
pend on crack length and speci- 
men width i n  t h e  case of a mate- 

0 . 2  . 4  .6  . a  1.0 r i a l  having a d i f fe ren t  kind of 
R curve, f o r  instance,  type B 

Figure 15. - Showing dependence of yc o n  specimen width W for of f igure  2. This question was  
discussed e a r l i e r  w i t h  reference 
t o  center-cracked p la te  speci- 
mens f o r  which 2a/W was l e s s  

Crack half-length, a, in. 

center-cracked plate specimens having same in i t i a l  crack half- 
length a. of material having a n  R curve  identical t o  that  of fig- 
u r e  4 except for difference of scale. 

than 0.1 ( f i g .  4, p. 8 ) .  The discussion w i l l  now consider specimens for which 
2a/W i s  greater  than 0.1. 

Figure 15 shows an R curve t h a t  is  i d e n t i c a l  t o  those i n  f igure  4 apar t  
from scale .  The p a r t i c u l a r  g t r a c e s  t h a t  a r e  tangent t o  the  R curve f o r  
specimens of widths 2, 3, 6,  and 12 inches are a l s o  shown, the  i n i t i a l  crack 
length being 1 inch i n  each case. These t r a c e s  a r e  no longer s t r a i g h t  
l i n e s ,  as i n  f igure  4, but a r e  constructed from t h e  equation 
E 4 = $W t a n  ( " a / W )  , t h e  appropriate values of 
tangency condition being obtained by graphical interpolat ion.  A s  discussed i n  
the  e a r l i e r  sect ion on "Crack Extension Resistance and t h e  Occurrence of Ins ta -  
b i l i t y , "  the  points of tangency represent the  values of tha t  would be mea- 
sured according t o  our c r i t e r i o n  of i n s t a b i l i t y .  The main point of f igure  15 
i s  t h a t ,  f o r  a given i n i t i a l  crack length and an R curve of t h i s  type,  t h e  
measured value of gc decreases as the  specimen width i s  decreased. Further- 
more, the  dependence of on W i s  stronger t h e  l a r g e r  the  value of 2ao/W. 
These conclusions a re ,  of course, drawn from a construction on t h e  basis of the  
hypothesis t h a t  R i s  a function of a - a. only ( r e f .  12). The r e s u l t s  
given i n  reference 12 f o r  aluminum 7075.T6 are generally consistent with f i g -  
ure 15, the  R curve i n  tha t  f igure  having been obtained from those results, 
but t h e  agreement between measured and predicted values of 
fair .  This simply means t h a t  more extensive experimental invest igat ion of t h e  
hypothesis i s  needed, t h e  f a c t  tha t  may depend on specimen w i d t h  i n  t h e  
manner shown by figure 15 i s  not i n  question. The degree of the  dependence, 
however, w i l l  be determined by the  mater ia l ,  i t s  thickness,  and t e s t i n g  speed 
and temperature, and may be imperceptible i n  some cases. 

0 required t o  s a t i s f y  the  

gc 

ye is no more than 

I -  

2 1  
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A s  far as evaluating t h e  f r a c t u r e  toughness of mater ia ls ,  i n  general, i s  
concerned,'$,-, 
provides an invariant  f r a c t u r e  charac te r i s t ic  f o r  many of t h e  materials of en- 
gineering i n t e r e s t .  
increased i n  recent years a t  t h e  expense of e f f o r t  on 9, 

i s  apparently independent of any specimen dimension and thus 

t e s t i n g  has This i s  t h e  main reason why e f f o r t  on g,, 
t e s t i n g .  

It i s  not t o  be concluded, however, t h a t  8, t e s t i n g  should be abandoned 

crack length,  as i n  f igure  4, but 
decreases as 2a0/W increases 
f o r  a given value of the  i n i t i a l  
crack length,  as i n  f igure  15. 
These two e f f e c t s  oppose one an- I 

!. 
. 4  2adw I 

1 1 . ;  I I I  
. 2  
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i n  favor of gIc t e s t i n g  exclusively.  Rather, tests should be conducted 
primarily i n  r e l a t i o n  t o  spec i f ic  s t r u c t u r a l  components and should be conducted 
i n  s u f f i c i e n t  d e t a i l  t h a t  the  4 
stances of f a i l u r e  t h a t  axe pert7nen-t t o  t h e  component i n  question. 
ample, i n  an airplane skin,  tolerance f o r  a crack severa l  inches long i s  des i r -  
able ,  i f  not mandatory, but i n  a rocket casing, it may be necessary t o  use 
materials that  cannot t o l e r a t e  cracks t h a t  are only a f r a c t i o n  of an inch long. 
These d i f fe ren t  cases c a l l  f o r  d i f fe ren t  approaches t o  9 t e s t i n g .  Material  
se lec t ion  i n  r e l a t i o n  t o  r i s k  of f rac ture  should e n t a i l  a% l e a s t  two stages.  
The f i rs t ,  screening stage would u t i l i z e  a standardized specimen appropriate t o  
the appl icat ion and would serve t o  reduce the  number of candidate mater ia ls  t o  
a preferred few. These would then be subjected t o  more extensive t e s t i n g  in-  
volving a range of crack s i z e s ,  perhaps even t o  determination of the e n t i r e  R 
curve f o r  the  thickness of i n t e r e s t .  What i s  most important i s  t h a t  it should 
be appreciated t h a t  nei ther  t h e  planning nor t h e  in te rpre ta t ion  of 6, 
i s  a rout ine matter. 

values determined a r e  relevant t o  circum- 
For ex- 

t e s t s  

The question of specimen thickness should be discussed t o  conclude the  
subject of 9, t e s t i n g  before taking up SIC t e s t i n g .  This w i l l  lead natu- 
r a l l y  i n t o  a general discussion of gIc 
of other types of specimen f o r  t h i s  purpose. 

measurement and then t o  consideration 

Thickness of Symmetrical Plate  Specimens 

The ASTM Special  Committee on Fracture Testing has recommended t h a t  t h e  
specimen thickness B f o r  f ixed mode or  s l a n t  mode 4, measurement should be 
between W/45 and W/16, except t h a t  the  lower l i m i t  need not apply i f  proper 
measures a r e  taken t o  prevent buckling around the  crack when B i s  l e s s  than 
W/45 (ref.  5 ) .  I n  t h e  experience of one of the authors,  buckling of symmetri- 
c a l l y  edge-cracked specimens i s  less apt  t o  occur than i s  the  case with center- 
cracked specimens. I n  any case, supporting the  specimen between lubricated 
face p l a t e s  i s  an effect ive method of preventing buckling of t h i n  specimens and 
ensuring tha t  accuracy of 6, measurement i s  not impaired thereby. 

The r e s t r i c t i o n  t h a t  B should not exceed W/16 appl ies  only when it i s  
desired t o  measure aC, as d i s t i n c t  from gI, It has t o  
do with the change i n  crack f ront  configuration as the  crack extends from the 
i n i t i a l  fa t igue crack f r o n t ,  which i s  nearly square and s t r a i g h t ,  i n  t h e  s tab le  
range preceding i n s t a b i l i t y .  It i s  useful  a t  t h i s  point t o  r e f e r  t o  f igure  6 
(p. 9 ) .  With the assumption t h a t  t h e  crack w i l l  eventually develop i n t o  the  
s l a n t  type ( t h e  most extreme case) ,  t h e  distance over which the development 
takes  place w i l l  be roughly proportional t o  B, and of about equal magnitude 
( f i g .  6 ( a )  ) . For 2ao/W equal t o  about 0.3 and B not greater  than W/16, 
development of f u l l  s l a n t  f r a c t u r e  should be completed a t  some value of 
less than 0.6. For grea te r  thicknesses there  i s  a p o s s i b i l i t y  t h a t  development 
of f u l l  s l a n t  f rac ture  may not be complete when 
b i l i t y  might occur a t  some value of 48 lower than t h a t  appropriate t o  t h e  
thickness and width. 
e r a l  experience indicates  t h a t  there  i s  good reason t o  respect t h i s  r e s t r i c -  
t i o n .  

by the  pop-in method. 

2%/W 

Z%/W equals 0.6, and ins ta -  

While no spec i f ic  data  axe avai lable  on t h i s  point,  gen- 
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For materials  of such thickness t h a t  t h e  specimen will exhib i t  a predomi- 
nantly square f r a c t u r e  t h e  r e s t r i c t i o n  could be l e s s  severe, as implied i n  r e f -  
erence 5. 
pose any upper l i m i t  on t h e  thickness,  but t h e r e  i s  an opthum value of t h e  
r a t i o  B/W. 

For gIc measurements, there  appears t o  be no basic  reason t o  im-  

I n  t h e i r  o r i g i n a l  study of t h e  pop-in method of g measurement, Boyle, Tc e t  a l .  ( r e f .  21)  observed d i s t i n c t  pop-in indicat ions m t h  aluminum 7075.T6 
specimens t h a t  had thicknesses no l e s s  than 2Eg1c/~0$S, that is ,  not less 
than four times t h e  value of ry corresponding t o  gIc. Dis t inc t  pop-in indi-  
cations were not observed with specimens t h a t  were thinner  than t h i s .  The 
qua l i ta t ive  explanation of these observations i s  t h a t ,  when t h e  plane s t r e s s  
p l a s t i c  zone s i z e  approaches one-half the  specimen thickness,  the  component of 
s t r e s s  i n  the thickness d i rec t ion  w i l l  be relaxed along the major p a r t  of the 
crack f r o n t  so t h a t  a state of plane s t r a i n  no longer prevai ls .  It i s  t o  be 
expected t h a t  the  l imi t ing  value of the  r a t i o  
t i o n  would d i f f e r  somewhat from one material t o  another, but i n  t h e  absence of 
any addi t ional  information t h e  conclusion from reference 2 1  w i l l  be used, 
namely, t h a t  B should not be l e s s  than 2EgIc/3[oYS, as a necessary condition 
f o r  a s a t i s f a c t o r y  pop-in gIc measurement. It should be appreciated, how- 
ever, t h a t  it i s  not necessar i ly  a l s o  a s u f f i c i e n t  condition i n  a l l  cases. As 
mentioned e a r l i e r ,  it appears t h a t  some materials may not exhibi t  any d i s t i n c t  
d 

ry/B f o r  d i s t i n c t  pop-in detec- 

2 

met a i n s t  ab i l i t y  . 
I n  reference 2 1  it i s  a l s o  suggested t h a t  the  specimen width f o r  a,, 

measurements can be as s m a l l  as 10E(dIc/~oys. 
t i o n  of t h e  average ne t  sect ion s t r e s s  t o  be l e s s  than the  y ie ld  s t rength,  
ra ther  than l e s s  than 80 percent of the  y ie ld  s t rength as recommended by t h e  
ASTM Special  Committee on Fracture Testing f o r  4, measurements. Unt i l  more 
data  become avai lable  t o  support the  l e s s  r e s t r i c t i v e  estimate of reference 21, 
it appears advisable t o  adhere t o  the  recomendation of t h e  ASmJI Committee f o r  
gIC pop-in measurement as we11 as f o r  9, t e s t i n g .  

symmetrically cracked p l a t e  specimens used f o r  pop-in 4,, 
tween 1/5 and 1/10. 
10B 
measurement capacity i n  t h a t  case w i l l  be l imited by the  thickness,  not by the 
width. Also, specimens having W less than 5B could be used, but when the  
avai lable  form of the  mater ia l  t o  be t e s t e d  makes t h i s  desirable ,  it is  both 
more convenient and more e f f i c i e n t  t o  use single-edge-notched specimens, loaded 
e i t h e r  i n  tension or bending, as w i l l  be discussed i n  subsequent sections.  
With one exception, it w i l l  be assumed t h a t  t h e  gIC measurement capaci t ies  
of a l l  types of p la te  specimens a r e  l imited t o  t h e  same extent by thickness,  
namely, C The exception 

i s  the  surface cracked type of p l a t e  specimen i n  which t h e  crack propagates 
i n i t i a l l y  i n  the  thickness d i rec t ion  of t h e  specimen, not i n  the  width direc-  
t i o n  as i n  the  other types. 

2 This corresponds t o  a r e s t r i c -  

From these considerations,  it appears t h a t  t h e  optimum range of B/W f o r  
measurement i s  be- 

This does not mean t h a t  specimens of width greater  than 
should not be used when it i s  convenient t o  do so,  only t h a t  the 4,, 

= no2 B/2E, according t o  the  preceding discussion. 
I g  YS 
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Plane S t r a i n  P l a s t i c  Zone Correction Term - 
gIC and KIc Calculations 

Before considering t h e  other types of specimens t h a t  a r e  intended f o r  
plane s t r a i n  crack toughness t e s t i n g ,  t he re  are two general  points  t h a t  a r e  
re levant  t o  a l l  such t e s t s .  
zone correct ion term may be added t o  t h e  estimated average value of t he  a c t u a l  
crack length,  j u s t  as i n  the case of calculat ions.  There a re  two d i f f e r -  
ences, however: 
t h e  i n i t i a l  crack length is  used i n  t h e  calculat ion.  ( 2 )  The plane s t r a i n  
p l a s t i c  zone correct ion term i s  taken t o  be one-third of t he  plane stress term, 
that  i s ,  rIY = ry/3 = E(gIc/6ncr& ( r e f s .  2 1  and 29) .  V e r y  of ten t h i s  term can 
be neglected e n t i r e l y  without s ign i f i can t ly  a f f ec t ing  t h e  accuracy of t h e  yIC 
measurement. When it i s  taken i n t o  account, t he  gIc ca lcu la t ion  i s  most 
r ead i ly  car r ied  out by the  aforementioned i t e r a t i o n  procedure. Usually, only 
one i t e r a t i o n  i s  necessary. 

F i r s t ,  i n  ca lcu la t ing  values of gIc, a p l a s t i c  

(1) It i s  assumed t h a t  no s t ab le  crack extension occurs, and 

The other point concerns the  r e l a t i o n  between KIc and gIc. As men- 
t ioned e a r l i e r ,  f o r  plane s t r a i n  conditions:  KI 2 = E Y I / ( l  - v'). For pop-in 

gIc 
s t r e s s  f i e l d  i n  the  v i c i n i t y  of t he  middle of t he  crack f ron t  approaches a 
s t a t e  of plane s t r a i n  ( r e f .  2 3 ) .  As i n  reference 21, it i s  usual  t o  ca lcu la te  

KIc 
bas i s  a t  present f o r  estimating the  degree t o  which t h e  s t r e s s  state deviates  
f r o m t h e  plane s t r a i n  s t a t e .  The possible  e r r o r  i n  the calculated value of 
KIc r e su l t i ng  from t h i s  assumption could not exceed about 5 percent and i s  
probably much l e s s  . 

t e s t s ,  however, t he re  i s  an unresolved problem of t h e  degree t o  which the  

from t h e  plane s t r a i n  r e l a t i o n  given previously simply because there  is  no 

SPEClMEN TYPES SUITABLE FOR a,, MEASUREMENT ONLY 

The types of specimens i n  t h i s  category t h a t  w i l l  be discussed a re  i l l u s -  
t r a t e d  i n  f igure 30 (p .  56) of appendix A as follows: 

(a)  Single-edge-notched p l a t e  specimen loaded i n  tens ion  

(b )  Notched rectangular-sect ion bend specimen, three-point  loading 

( c )  Notched rectangular-sect ion bend specimen, four-point loading 

(a) Surface cracked (or part-through cracked) p l a t e  specimen 

( e )  Circwnferentially notched round bar  specimen 

While these  specimens are r e fe r r ed  t o  f o r  b rev i ty  as notched specimens, it 
i s  t o  be unCierst.ood t h a t  t h e  notches should always terminate i n  sharp cracks,  
usua l ly  provided by fatigue s t ress ing .  
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Single-Edge-Notched Tension Specimens 

This type of specimen was  first introduced f o r  t h e  purpose of plane s t r a i n  
crack toughness measurement by Irwin, Baff t ,  and Sul l ivan i n  an unpublished 
memorandum t o  t h e  ASTM Special  Committee on Fracture  Testing i n  August 1962. 
Subsequently, Sul l ivan published a discussion of the p a r t i c u l a r  design of 
single-edge-notched specimen used by these inves t iga tors  (ref. 30). 

A single-edge-notched tension specimen can be regarded as derived from 
e i t h e r  type of symmetrically cracked p l a t e  specimen, bisected along the  longi- 
t u d i n a l  cen ter l ine  and shortened accordingly. Since t h i s  operation a f f e c t s  
nei ther  t h e  thickness nor t h e  simulated crack s i z e  (ao remains the  same), it 
might be expected t h a t  t h e  8,, measurement capacity of each half  would be 
about the  same as t h a t  of t h e  symmetrical specimen from which it w a s  derived. 
If t h i s  were t h e  case, t h e  amount of mater ia l  required f o r  a single-edge- 
notched specimen of given g,, measurement capacity would be only one-fourth 
of the  amount required f o r  a symmetrically cracked specimen of equal capacity 
with the assumption of t h e  same r a t i o  of length t o  width f o r  t h e  two types of 
specimens. Actually, t h e  s i z e  advantage of t h e  single-edge-notched specimen i s  
probably not near ly  t h i s  great ,  but it does have another advantage i n  requir ing 
considerably l e s s  load t o  determine a given Y,, 
c a l l y  cracked specimen. This could be a determining f a c t o r  i n  the  choice of 
specimen type when it i s  necessary t o  t e s t  very la rge  specimens of materials 
having high r a t i o s  of toughness t o  y ie ld  s t rength.  

value than does a symmetri- 

Up t o  the  present time, no expression f o r  i n  closed form has been de- 
r ived  f o r  single-edge-notched tension specimens. Approximate expressions of 
very good accuracy have been obtained, however, by a mathematical procedure of 
boundary col locat ion applied t o  a su i tab le  s t r e s s  funct ion ( r e f .  22) and by t h e  
experimental compliance measurement procedure ( r e f .  23). The experimental 
method was  o r i g i n a l l y  suggested by Irwin and Kies ( r e f .  31), and, i n  pr inc ip le ,  
i s  of general u t i l i t y .  The expression for  QIc 
i s  taken from reference 2 3  and applies s t r i c t l y  f o r  the  given values of 
and L/W, where D i s  t h e  distance of t h e  a x i s  of loading from the cracked 
edge of the  specimen and L i s  t h e  distance between loading p i n  holes. I n  
f igure 30(a) D/W i s  1/2, and L/W is  8/3. 

(4 

given i n  f igure  30(a) (p .  56)  

D/W 

It i s  convenient t o  express t h e  r e s u l t s  of col locat ion computations or of 
experimental compliance measurements i n  the  form of dimensionless f a c t o r s  t h a t  
a r e  functions of 4, the  applied load P, and the per t inent  specimen dimen- 
sions.  I n  t h e  case of single-edge-notched tension specimens f o r  given values 
of  the r a t i o s  D/W and L/W, the  appropriate dimensionless f a c t o r  i s  
EyB2W/P2, which depends only on I n  other words, i f  the  proportions of 
the specimen dimensions other than thickness a r e  kept constant, the  value of 
E(9B2W/P2 f o r  a given value of a/W will be t h e  same regardless  of t h e  s i z e  
of the  specimen, i t s  thickness,  or t h e  mater ia l  from which it i s  made. This 
fac tor  can therefore  be expressed universal ly  as a function of a / W  i n  t h e  
form of a t a b l e ,  a curve, o r  a su i tab le  polynomial i n  
squares b e s t - f i t  procedures applied t o  t h e  tabulated r e s u l t s .  The polynomial 
form i s  a convenient way t o  express the  r e l a t i o n  between E(9B2W/P2 and a/W 
compactly, as i n  appendix A. Experience has shown t h a t  a third-degree poly- 

a /W.  

a / W  obtained by l e a s t -  
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nomial i s  s u f f i c i e n t  t o  provide an ade- 
quate f i t ,  as discussed i n  more d e t a i l  
i n  reference 23. 

oh 

The r a t i o s  L/W and D/W axe 
addi t ional  parameters t h a t  cannot be 
combined with EgB2W/P2 i n t o  a more 
general dimensionless fac tor  i n  any sim- 
p l e  way f o r  t h e  single-edge-notched ten-  
s ion specimen. (It w i l l  be shown later, 

mensionless fac tor  can be devised f o r  
bend specimens. ) Providing L/W i s  
s u f f i c i e n t l y  large,  the  e f f e c t  of s m a l l  
var ia t ions  of L/W on E ~ B ~ W / P ~  i s  
negl igible ,  and the  expression f o r  
EgIcB2W/P2 
be used with confidence provided t h a t  
L/W i s  held t o  8/3 within 5 percent. 

112 however, t h a t  a r a t h e r  more general  d i -  
“a 
NS m 

% 
Y 

given i n  f igure  30(a) can 

0 .1 . 2  . 3  . 4  . 5  
Jw 
7 

If circumstances make it necessary t o  
Figure 17. - Dependence of r lat ion between dimensionless 

calibration factor E.JB 2 3  WIP  and aIW for single-edge- use a ‘peehen, such as that de- 
notched tension specimens on  location of axis of loadinq scribed i n  reference 3 0 ,  an emerimental  

& 

as specified by par’ameter DhV. ca l ibra t ion  should be conducted f o r  the  
spec i f ic  specimen proportions t o  be 

used. I n  t h i s  case it would be advisable t o  read the  discussions r e l a t i n g  t o  
specimen length given i n  references 2 2  and 23. 

The value of EgB2W/P2 f o r  a given value of a/W depends very s t rongly 
on D/W, as shown i n  f igure  17 .  The curves f o r  various values of D/W are 
derived from unpublished work by B. Gross of Lewis, who used the  boundary col- 
locat ion procedure mentioned e a r l i e r .  The f igure  i s  intended t o  be i l l u s t r a -  
t i v e  only, not f o r  calculat ion purposes. Mainly, the f igure  indicates  that  
once a value of 
EyB2W/P2 against  a / W  obtained for t h a t  value of D/W, it should be held 
within close tolerances i n  order to avoid e r r o r s  t h a t  would r e s u l t  from devia- 
t i o n s  from t h e  nominal value. 

D/W has been decided on and an accurate expression f o r  

There i s  a c t u a l l y  no good reason t o  choose a value of D/W d i f f e r e n t  from 
1/2 ,  f o r  which an expression f o r  E(gBZW/PZ 
e x i s t s  ( f i g .  30(a) and r e f s .  22 and 23) .  It i s  t r u e  tha t  the load required t o  
measure a given value of gIc 
could be reduced even more by using a bend specimen instead of loading i n  ten-  
sion. t o  a s m a l l  e r r o r  i n  t h e  mea-  
sured value of a. i s  greater  t h e  smaller i s  D/W, so  that g,-- measurement 
accuracy decreases as D/W i s  decreased. It would seem tha t  having a choice 
between a bend specimen (requir ing lower load) and a single-edge-notched ten- 
s ion specimen with 
f i c i e n t  without complicating t h e  issue by considering tension specimens having 
other values of D/W. 

of adequate accuracy already 

w i l l  be lower t h e  smaller i s  D/W, but t h i s  load 

On t h e  other hand, t he  s e n s i t i v i t y  of g 

D/W equal t o  1 / 2  (providing b e t t e r  accuracy) would be suf- 

Now t h a t  the e s s e n t i a l  fea tures  of the  design of single-edge-notched ten- 
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s ion  specimens have been discussed, 
t h e  aIC measurement capacity of 
t h i s  type can be considered. The 
c r i t e r i o n  used for t h i s  purpose i s  
t h a t  t h e  nominal s t r e s s  a t  t h e  
crack t i p  should not exceed t h e  
y ie ld  strength.  This i s  admittedly 
somewhat a r b i t r a r y ,  but is  analo- 
gous t o  the  c r i t e r i o n  discussed 
previously f o r  the  symmetrically 
cracked specimens , except . t h a t  t h e  
maximum value of t h e  average net 
sect ion stress was  l imited t o  
0.8 oys i n  t h a t  case. For t h e  
single-edge-notched specimen, the 
decrease of nominal s t r e s s  with 
dis tance from t h e  crack t i p  i s  the  
j u s t i f i c a t i o n  f o r  using a somewhat 
higher l i m i t  f o r  t h e  nominal s t r e s s  

112 

0 .1 . 2  . 3  . 4  . 5  a t  t h e  crack t i p .  alw 
Figure 18. - Dependence of ECI,/O$SW for single-edge- 

s t r e s s  a t  t h e  crack t i p  i s  t h e  ten-  notched tension specimens on  a/W for th ree  values of 
DIW, which specifies location of loading axis, as in fig- 
u r e  17. s i l e  s t r e s s  t h a t  would e x i s t  a t  t h e  

What i s  meant by t h e  nominal 

edge of a s t r i p  of width W - a 
under an eccentr ic  t e n s i l e  load P ac t ing  a t  a distance D - a f r o m t h a t  
edge, obviously derived from a single-edge-notched specimen by removing a lon- 
g i tud ina l  s t r i p  containing t h e  notch without changing the  posi t ion of t h e  load- 
ing ax is .  The s t r e s s  i s  given by the  r e l a t i o n  

- P 3P(W + a - ZD) 
'nom - 'n + B(W - a>' 

From t h i s  r e l a t i o n  and the  r e s u l t s  from which figure 1 7  was  p lo t ted ,  the  
values of E(4/o&W t h a t  correspond to anom = oYs can be formally calcu- 
la ted .  The three  curves shown i n  figure 18 f o r  values of D/W of 1/4, 1/3, 
and 1 / 2  a r e  p lo t ted  from t h e  r e s u l t s  of such calculat ions.  
sent the  dependence of t h e  quantity EC /02 W on a / W  f o r  t h e  three  d i f f e r -  
ent 
ure 13  f o r  the  center-cracked specimen (with the  assumption t h a t  the  respect ive 
c r i t e r i a  on which they a r e  based are  equivalent) .  The shapes and r e l a t i v e  po- 
s i t i o n s  of the  three  curves i n  f igure  18 would not be changed by taking t h e  
r a t i o  onom/oys as having some value d i f f e r e n t  from unity.  Only t h e  ordinate 
scale  would be changed i n  proportion t o  the square of t h i s  r a t i o ;  therefore ,  
the  f igure  shows two things.  F i r s t ,  t h a t  the  maximum ef f ic iency  depends very 
l i t t l e  on D/W, being somewhat higher the  lower the value of D/W. The s l i g h t  
advantage i n  e f f ic iency  when i s  low i s  unl ikely t o  be worth the  decrease 
i n  accuracy of a,, measurement. Secondly, regardless  of the  value of D/W, 
the  e f f ic iency  i s  grea tes t  when 
5 percent i n  t h e  range of 

These curves repre- 

Ig *YS 
D/W r a t i o s ,  and have the  same significance as the  curve shown i n  f i g -  

D/W 

a / W  i s  about 0.25, but var ies  only about 
a / W  between 0.15 and 0.35. 

-1.1 11111 I I 111111 I 11111111 
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With the assumption that the 41c measurement capacities of the center- 
cracked specimen type and the single-edge-notched tension specimen type are 
reasonably well represented by figures 13 and 18, respectively, it is apparent 
that the single-edge-notched type has only a marginally greater capacity for a 
given width than the center-cracked type. 
make the simple assumption that bisecting a symmetrically cracked specimen 
would result in two single-edge-notched specimens each having the same gIC 
measurement capacity as the symmetrically cracked specimen. Actually, the 
analysis just presented is open to question, and it w i l l  probably require con- 
siderable experimental work to arrive at good estimates of the gIc 
ment capacities of the various types of specimens. In the interim, in order to 
have some basis for deciding on specimen dimensions, this analysis and similar 
analyses that appear to be predicated upon reasonable assumptions will be used. 

Thus, it would appear erroneous to 

measure- 

There is no reason to suppose that the limitation imposed by thickness 
would be different for the single-edge-notched type than f o r  the center-cracked 
type of specimen. Hence, it is deduced that the optimum range of B/W for the 
single-edge-notched type should be about 1/4 to 1/8 in contrast to 1/5 to 1/10, 
derived earlier for the center-cracked type. 

Notched Bend Specimens 

The notched rectangular-section bend specimen was one of the earliest 
types of specimen to be used f o r  fracture toughness testing. It was not at 
first appreciated that it was necessary to provide a notch that terminated in 
an actual crack, nor that the specimen, while suitable for dl, testing by 
pop-in measurement, was not suitable f o r  accurate 
stances where the fracture was not predominantly square. Consequently, much of 
the early data obtained with notched bend bars is only useful in a semiquanti- 
tative sense. 

4, testing under circum- 

There is no essential distinction between a notched rectangular-section 
bend specimen and a single-edge-notched plate specimen tested in tension. The 
notched rectangular-section bend specimen is simply the extreme case of the 
single-edge-notched plate specimen when the loading results f r o m  a couple with- 
out any additional tension component. For one of several practical reasons, it 
may be more convenient to test spectmens in bending rather than in tension, 
and, in particular, the load needed to measure a given value of YIc 
for a bend specimen than for any other type. On the other hand, it is to be 
expected that the accuracy of 
bend specimen than for any other type because the sensitivity of the calculated 
value of 9 to a small error  in a. is greater than for any other type. 

is less 

gIC measurement is inherently lower f o r  the 

Recommended dimensions for bend specimens are shown in figure 30(b) and 
(e) (p. 56). The symbol W is used for the bean depth because this dimension 
corresponds with the width of a single-edge-notched tension specimen. The beam 
thickness is By and L is the moment amn length, that is, half the difference 
between the major and the minor spans, which reduces to half the span for  
three-point loading. The total applied load P is assumed to be equally dis- 
tributed. The bending moment within the minor span is therefore PL/2. 

29 



The most general  dimensionless f ac to r  t h a t  can be used t o  express 9 as a c 

funct ion of a / W  for a bend specimen i s  EgB2W3/P2L2, t h a t  is, W2/L2 times 
t h e  less general  f a c t o r  E aB2W/P2, which was  used f o r  t h e  single-edge-notched 
tension specimen. This simply takes  i n t o  account t h e  f a c t  t h a t  EgB2W/P2 i s  
proportional t o  L2/W2 f o r  bend specimens having a given value of a/W. This 
was  deduced o r i g i n a l l y  by G. R. Irwin i n  an unpublished note and later con- 
firmed by a d i f f e r e n t  method by B. Gross of Lewis  ( a l s o  unpublished t o  da t e ) .  
Gross has computed t a b l e s  of values of EaB2W3/P2L2 
four-point loading by using t h e  procedure of boundary col locat ion of t h e  
W i l l i a m s  form of t h e  Airy s t r e s s  function mentioned e a r l i e r .  
f o r  E gIcB2W3/P2L2 as cubics i n  a / W ,  given i n  f igu res  30(b) and ( e )  (p. 56) 
f o r  t h e  three-point and t h e  four-point loaded spec imas ,  respect ively,  w e r e  ob- 
ta ined  by applying least-squares  b e s t - f i t  procedures t o  these r e s u l t s  of Gross. 
It i s  worthy of note t h a t  Gross's r e s u l t s  are i n  s a t i s f a c t o r y  agreement with 
published r e s u l t s  of experimental compliance ca l ib ra t ions  by Irwin, e t  a l .  f o r  
three-point  loading ( r e f .  15) and by Lubahn f o r  four-point loading ( r e f .  32) ,  
as will be discussed i n  a forthcoming publ icat ion.  

f o r  both three-point and 

The expressions 

If t h e  expressions f o r  three-point and four-point loading given i n  f i g -  

i s  always less f o r  three-point than f o r  four-point loading, an 
ure  30 2re compared, it will be apparent t h a t ,  f o r  a given a/W, t h e  value of 
EgB2W3/P2L2 
average of about 10 percent l e s s .  This difference i s  consis tent  with t h e  ex- 
perimental r e s u l t s  ( r e f s .  15 and 32).  The difference a r i s e s  i n  t h e  mathemati- 
c a l  treatment because t h e  computations f o r  four-point loading considered t h e  
region within the  minor span as subjected t o  a bending moment only, whereas t h e  
computations f o r  three-point  loading took i n t o  consideration the  shearing 
stress t h a t  changes from P/2BW t o  -P/2BW a t  t h e  center  loading point .  

The shearing s t r e s s  i s  independent of L, whereas 4 i s  proport ional  t o  
L2/W2, as mentioned previously. The influence of t h e  shearing s t r e s s  on 
should therefore  diminish with increasing 
mended t h a t  t he  span of a three-point-loaded specimen should not be l e s s  
than 8W, which i s  an unpublished estimate by Irwin. I n  the  case of a four- 
point-loaded specimen t h e  shearing s t r e s s  i s  zero within t h e  minor span, but it 
appears des i rab le  t h a t  t h e  major span should not be less than 8W i n  t h i s  case 
a l so .  Furthermore, it i s  recommended t h a t  t he  minor span should not be l e s s  
than 2W on t h e  bas i s  t h a t  t he  p a r t  of t h e  s t r a i n  energy f i e l d  t h a t  i s  apprecia- 
b l y  a f fec ted  by the  crack length i s  contained within t h e  pa r t  of t he  specimen 
t h a t  extends a dis tance W on e i t h e r  s ide  of t he  crack. Thus, with a minor 
span not l e s s  than 2W, (d should not be notably influenced by e i t h e r  t he  magni- 
tude of t h e  shearing stress outs ide t h e  minor span o r  by the  concentrated 
s t r e s ses  a t  the  loading points .  From these considerations it i s  reasonable t o  
expect t h a t  somewhat more accurate measurements could be made with a bend 
specimen i n  four-point loading than with the  same specimen i n  three-point load- 
ing. 

4 
L/W. For t h i s  reason, it i s  recom- 

I n  order t o  estimate the  aIc measurement capac i t ies  of notched bend 
specimens the  same c r i t e r i o n  was used as i n  the  case of t h e  single-edge-notched 
tension specimen discussed previously. Values of E a/oysW corresponding t o  

'nom 
ures  30(b) and ( e )  and used t o  p l o t  t he  curves of ECIg/o&,W against  a / W  

30 

2 

= 3PL/B(W - a ) 2  = ays were calculated from t h e  expressions given i n  f i g -  



shown i n  f igu re  19. From these  two 
curves it is  seen t h a t  t h e  bend 
specimen is  apparently used more e f -  
f i c i e n t l y  i n  four-point loading than 
i n  three-point loading. This, of 
course, is simply a r e f l e c t i o n  of 
t h e  f a c t  t h a t  t h e  values of 
EgB2W3/P2L2 are greater  f o r  four- 
point than fo r  three-point loading. 

F r o m  comparison of f igu re  1 9  
with f igu re  18, it i s  apparent t h a t  
a single-edge-notched specimen 
loaded i n  four-point bending i s  
about 15 percent more e f f i c i e n t  than 
a single-edge-notched tension speci-  
men of equal width and thickness and 
having D/W equal t o  1/2. For a 
specimen loaded i n  three-point bend- 
ing, however, t h e  e f f ic iency  i s  

J 
0 .1 . 2  . 3  . 4  . 5  

SEW 
Figure 19. - Dependence of ECJy/o?~W on a/W for the same as that Of the ten- 

bend specimens. sion specimen. This, of course, in-  

l imi t ing  condition appl ies  t o  both types of specimens, which appears t o  be rea- 
sonable i n  the  absence of experimental data  t o  the  contrary. It should be 
noted t h a t ,  i f  t he  recommendations regarding specimen length,  which a re  given 
i n  appendix A, are followed, t h e  bend specimens would have t o  be about twice as 
long as the  tension specimen of equal width. 

volves the  assumption that  the  same 

Cracked Charpy Specimens 

Considerable use has been made of cracked Charpy specimens f o r  t h e  in-  
tende,d purpose of aIc and even (9, measurements ( r e f .  33). The cracked 
Charpy specimen i s  simply a s m a l l ,  three-point-loaded bend specimen and i s  sub- 
j e c t  t o  exac t ly  the  same l imi ta t ions  as discussed f o r  three-point bend speci-  
mens i n  general. The usual dimensions a r e  as follows: W = 0.394 inch, B i s  
var iable  between about 0.04 and 0.8 inch ( f o r  standard Charpy specimens, 
0.394 i n . ) ,  a. is variable  between about 0 . 1  and 0.2 inch (normally s l i g h t l y  
greater  than 0 .1  i n . ) ,  and the  span i s  1.574 inches. 
by machining t o  normal Charpy-V dimensions, except t h a t  t h e  thickness can be 
varied,  and then by generating a f a t igue  crack a t  t h e  bottom of the  V-notch. 
It is  t e s t e d  e i t h e r  with a pendulum type impact t e s t i n g  machine, i n  which case 
it i s  usual t o  measure only t h e  loss  of pendulum energy, or i n  slow bending t o  
obtain a load-deflection record. 

The specimen i s  produced 

It would be possible  t o  determine e,, values, within t h e  l imi ta t ions  of 

I g  measurement capaci ty  imposed by t h e  dimensions of the Charpy specimen ( C  
would be about o2 /10E), by measuring t h e  pop-in load and proceeding as for 
any other  three-point bend specimen. Although t h e  r a t i o  L/W i s  only about 2 
f o r  t he  Charpy specimen, r a the r  than 4 as recommended f o r  three-point-loaded 

ys 
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bend specimens, a aIc 
such as a materials screening program, might be obtained; however, t h i s  i s  not 
t h e  way t h e  specimen i s  usua l ly  t r ea t ed .  Instead,  t he  l o s s  of pendulum energy 
i n  an impact t e s t ,  or t h e  area under t h e  load-deflection curve i n  a slow bend 
t e s t ,  i s  measured. This energy value i s  usua l ly  denoted W, but here it w i l l  
be ca l led  U i n  order t o  avoid confusion with t h e  symbol for specimen width. 

measurement t h a t  was accurate enough f o r  some purposes, 

It i s  assumed t h a t  U can be equated with t h e  energy required f o r  t h e  
formation of new f r a c t u r e  surfaces only, and t h a t  no p a r t  of U i s  d iss ipa ted  
i n  any other way. Then a fu r the r  assumption i s  made, e s s e n t i a l l y  t h a t  t h e  
crack extension r e s i s t ance  i s  constant during the  propagation of t h e  crack 
through the  specimen. 
i f  t h e  f r ac tu re  i s  square, can be taken t o  be equal t o  
area of t h e  f rac tured  cross  sec t ion  
open t o  considerable question, and do not appear t o  have been thoroughly in-  
vest igated.  I n  f a c t ,  it can be infer red  from recent  work by Krafft t h a t  t he  
second assumption i s  d e f i n i t e l y  not general ly  va l id  ( r e f .  34). 

With these  assumptions it i s  concluded t h a t  a,, or g,, 
U/A, where A is  the  

B(W - ao).  Both of these  assumptions are 

It i s  t r u e  t h a t  t h e r e  i s  qua l i f ied  evidence of cor re la t ion  between U/A 
and r e s u l t s  of some 9, t e s t s  t o  a degree t h a t  suggests U/A may be a usefu l  
measurement f o r  screening purposes. This i s  more l i k e l y  t o  be t h e  case when 
the  f r ac tu res  a r e  predominantly square and approaches 41c, than when t h e  
thickness i s  such t h a t  t h e  f u l l y  developed f r ac tu re  of a p l a t e  specimen would 
be predominantly s l a n t .  I n  any case, i n  t h e  opinion of t h e  authors t h e  r e s u l t s  
of cracked Charpy tes ts  should not be used f o r  any other purpose than prelimi- 
nary screening of materials, a t  l e a s t  u n t i l  such time as the  in t e rp re t a t ion  of 
t he  r e s u l t s  i s  much b e t t e r  understood than a t  present .  It i s  p a r t i c u l a r l y  im-  
portant t h a t  values should not be used i n  an attempt t o  ca lcu la te  c r i t i -  
c a l  crack dimensions f o r  s t ruc tures  s ince t h i s  might be dangerously misleading. 

4, 

U/A 

Surface-Cracked Pla te  Specimens 

Detai ls  of t h i s  type of specimen, sometimes ca l l ed  a part-through crack 
specimen, a r e  shown i n  f igu re  30(d) of appendix A. This type was o r ig ina l ly  
introduced i n  order t o  inves t iga te  d i r e c t l y  the  e f f e c t s  of cracks similar t o  
those from which f r ac tu res  had of ten  or iginated i n  service ( r e f s .  35 t o  37).  
Cracks of control led s i ze ,  approximately semie l l i p t i ca l  i n  shape with the  major 
ax is  a t  t h e  surface,  were formed i n  p l a t e  specimens by fa t igue  s t r e s s ing  ( r e f s .  
37  and 38), or by s t a t i c  s t r e s s i n g  i n  a su i t ab le  environment ( r e f .  36).  It be- 
came possible t o  ca lcu la te  aIc values from t h e  r e s u l t s  of t e s t s  of surface- 
cracked specimens when Irwin derived an appropriate expression f o r  9, ( r e f .  
14, o r ig ina l ly  a pr iva te  communication i n  1960) by making use of e a r l i e r  work 
by Green and Sneddon ( r e f .  39 ) .  I rwin 's  expression i s  given i n  f igu re  30(d) 
f o r  t h e  value of CaI i n  t h e  cen t r a l  region of t he  f r o n t  of a semie l l i p t i ca l  
surface crack t h a t  i s  no deeper than one-half t h e  p l a t e  thickness.  The expres- 
s ion as given includes a p l a s t i c  zone correct ion term. The magnitude of 46, 
var ies  with pos i t ion  along the  crack f ron t  and i s  grea tes t  a t  t h e  cen t r a l  posi-  
t i o n  ( r e f .  14 ) .  
9I at  other pos i t ions  along t h e  crack f r o n t  i s  of no consequence t o  t h i s  d i s -  
cussion. 

The crack extends f irst  i n  t h i s  region, and t h e  magnitude of 
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Reference 1 4  does not d e a l  with the  question of how n a r r o w  t h e  p l a t e  
specimen could be without appreciably influencing the value of 9, at  t h e  mid- 
d le  of the  crack f ront .  It w i l l  be assumed r a t h e r  a r b i t r a r i l y ,  t h a t  W should 
not be l e s s  than 6c, where 2c is  the  surface length of the  crack, assumed t o  
be the  major a x i s  of an e l l i p s e .  This r e s t r i c t i o n  i s  almost cer ta in ly  on t h e  
safe side since the  length of the per t inent  c e n t r a l  region of t h e  crack f r o n t ,  
where the crack f i r s t  extends, i s  a s m a l l  f r a c t i o n  of 2c. 

Extended discussion of the  gIc measurement capacity of surface-cracked 
specimens as a function of the  various dimensions of t h e  cracked section, W, B, 
a, and c ( f i g .  30(d))  would be unwarranted since t h e  se lec t ion  of t h i s  type of 
specimen would be governed by considerations other than measurement capacity. 
Instead t h e  gIc measurement capacity w i l l  be estimated f o r  a selected example 
i n  which t h e  crack dimensions are as large as t h e  aforementioned r e s t r i c t i o n s  
permit, namely, a = B/2 and 2c = W / 3 .  It i s  a l s o  assumed t h a t  a/c = 1/2, 
which i s  a l i k e l y  r a t i o  f o r  specimens fa t igue  cracked i n  bending, and t h a t  t h e  
average net sect ion s t r e s s  at  i n s t a b i l i t y  should not exceed 

ure 30(d) gives CIg = 1.09 o&B(1 - v 2 ) / E ,  which i s  equal t o  o&B/E when 
Poisson's r a t i o  i s  0.3. Here CIg i s  given i n  ternls of B ra ther  than i n  
terms of W as f o r  other types of p l a t e  specimens. The reason f o r  t h i s  d i f -  
ference i s  tha t  it i s  the  depth of the crack tha t  determines the  
ment capacity of a surface-cracked specimen, and t h e  crack depth i s  l imited t o  
a maximum of one-half t h e  specimen thickness. 

oys f o r  a va l id  
t e s t .  Using these conditions i n  the  expression f o r  given i n  f i g -  (4 I C  

4,, measure- 

I n  4,, tests with t h e  surface-cracked type of specimen, it has been the  
usual pract ice  t o  measure only t h e  maximum load sustained i n  the  t e s t  and the  
i n i t i a l  crack dimensions and t o  ca lcu la te  41c from these measurements. This 
pract ice  assumes t h a t  i n s t a b i l i t y  occurs a t  maximum load and i s  not preceded by 
a metastable crack extension a t  some lower load. While t h e  experience of the  
authors and examination of data obtained by others  suggest t h i s  assumption i s  
not ser iously i n  e r r o r ,  a t  l e a s t  as far as high-strength mater ia ls  a r e  con- 
cerned, it ought nevertheless t o  be subjected $0 c r i t i c a l  investigation. It is  
recommended t h a t  crack extension should be monitored during a l l  t e s t s  of 
surface-cracked specimens, j u s t  as f o r  other types of specimens, by using one 
of t h e  methods discussed under INSTRUMENTATION AND PROCEDURE. Results obtained 
without t h i s  s o r t  of instrumentation should be regarded as somewhat uncertain, 
the  more so  t h e  l e s s  b r i t t l e  t h e  material .  

Circwnferentially Notched Round B a r s  

Tensile t e s t i n g  of notched round bars  has an extensive his tory,  and it was 
na tura l  t h a t  t h i s  type of specimen should have been one of t h e  e a r l i e s t  used 
f o r  gIc measurement. A s  i n  t h e  case of notched bend specimens, it w a s  not a t  
f i r s t  appreciated t h a t  notch sharpness equivalent t o  t h a t  obtained by fa t igue  
cracking was necessary f o r  accurate aIc 
e a r l i e r  gIc data  i s  of somewhat doubtful value. 

measurement, s o  t h a t  much of the 

There is ,  a t  present,  no highly accurate expression f o r  g1 f o r  a round 
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notched bar.  A n  accurate solu- 
t i o n  would requi re  an ana lys i s  of 
t h e  type suggested by Sneddon 
( r e f .  40). The mathematics in -  
volved i n  t h i s  type of approach 
i s  qui te  formidab1.e. Approximate 
expressions for 48, are avail- 
ab le  from unpublished work by H. 
Bueckner of General E l e c t r i c  Co. 
Schenectady, New York (which i s  
discussed by Lubahn ( r e f .  3 2 )  and 
Wundt ( r e f .  41 ) ) ,  or can be de- 
r ived  from s t r e s s  concentration 
f a c t o r s  as discussed i n  r e f e r -  
ence 15. The r e s u l t s  obtained by 
these  approximate methods can be 
expressed conveniently i n  the  
form E a I / ( l  - v2) = M o ~ D ,  where 
M i s  a dimensionless funct ion of 
d/D, D i s  t h e  major diameter, d 

-is the  diameter of t h e  crack-notched sect ion,  and 
net  sec t ion  stress. 

uN = 4P/fldz i s  the  average 

Figure 20 shows values of t h e  dimensionless f a c t o r  M p lo t ted  aga ins t  
d/D. 
and t h e  other s e t  w a s  obtained by t h e  method of reference 15. It i s  d i f f i c u l t  
t o  judge t h e  accuracy of these values,  but t he  extent  of t he  agreement between 
them may give some indicat ion.  A f i t t e d  curve corresponding t o  a simple ex- 
pression f o r  M i s  a l s o  shown i n  the  f igure .  Within t h e  range of d/D shown, 
which i s  greater  than would normally be of p r a c t i c a l  i n t e r e s t ,  t h e  simple, com- 
pact expression for M appears t o  f i t  t h e  p lo t t ed  poin ts  adequately. Conse- 
quently, i n  t h e  expression f o r  $ilc given i n  f i g u r e  30(e) ,  t h e  f ac to r  M has 
been replaced by 0.172 - 0.8(d/D - 0.65)2. Figure 20 a l s o  shows t h a t  t h e  most 
e f f i c i e n t  value of d/D 
sec t iona l  a rea  equal t o  about one-half t h e  shank cross-sect ional  area.  There 
would be no good reason f o r  using a value of 
t h a t  t h e  expression f o r  4,- need only be used over a very l imited range of 
d/D. I n  t h e  range of d/D from 0.65 t o  0.7, t h e  assumption t h a t  M has t h e  
constant value 0.17 i s  probably a l l  t h a t  i s  warranted by t h e  accuracy of t h e  
ava i lab le  estimates.  

One s e t  of p lo t t ed  points  i s  derived from r e s u l t s  given i n  reference 32 

i s  about 0.7,  which corresponds t o  a notched cross- 

d/D much d i f f e ren t  from 0.7,  so  

The value of d t h a t  should be used i n  ca lcu la t ing  a value of gIe i s  
do by a p l a s t i c  l e s s  than the  measured value of t he  i n i t i a l  crack diameter 

zone correct ion t e r m  E g  c/3fl~ys. This i s  equivalent t o  increasing the  i n i -  
t i a l  crack depth ( D  - do)jZ by the  same plane s t r a i n  p l a s t i c  zone correct ion 
term used f o r  other types of specimens. It i s  worth mentioning t h a t  there  i s  
some a rb i t r a r ines s  about t h e  choice of t h e  value used f o r  t h i s  term ( r e f .  29) ,  
which i s  apt  t o  cause confusion i n  reading the  l i t e r a t u r e  unless one i s  aware 
of it. The p r a c t i c a l  e f f e c t ,  however, i s  negl igible  s ince it amounts t o  a 
small va r i a t ion  of a s m a l l  correct ion term. 

2 
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The ASTM Special  Committee on Fracture  Testing has recanmended t h a t  t h e  
s i z e  of a round notched bar  f o r  
sure t h a t  t h e  average net  sec t ion  s t r e s s  at  f r ac tu re  does not exceed 1.1 times 
t h e  uniax ia l  t e n s i l e  y i e ld  s t rength  (ref. 9 ) .  
recommended r a t i o  of 

anet/ayS 
fec t ive  y i e ld  s t rength of t he  notched sect ion of the  round bar  i s  correspond- 
ingly higher than oys. A s t a t e  of t r i a x i a l  tension e x i s t s  within the  notched 
sect ion and, on the  bas i s  of e i t h e r  a maximum shear s t r e s s  or an octahedral 
shear s t r e s s  c r i te r ion ,  t he  average net sect ion s t r e s s  a t  which yielding occurs 
w i l l  exceed uys t o  an extent  depending on d/D. For d/D equal t o  0.7 or 
l e s s  the  e f fec t ive  y i e ld  s t rength w i l l  be high enough t o  j u s t i f y  gIc mea- 
surements w i t h  values of 

gIc measurement should be su f f i c i en t  t o  en- 

The reason t h a t  t he  maximum 
aN/oys can be greater i n  t h i s  case than t h e  r a t i o  of 

f o r  symmetrically cracked p l a t e  specimens is, of course, t h a t  t h e  e f -  

oN a t  l e a s t  up t o  1.1 aYs. 

Applying t h i s  l imi t a t ion  and tak ing  the  maxi" value of M 
measurement capaci ty  of a notched round bar:  

0.2 cr2 D/E 

as 0.17 y i e ld  
the  estimated dIc 
C 
ca lcu la t ion  takes  i n t o  account t he  p l a s t i c  zone correct ion term. It is  i n t e r -  
e s t ing  t o  note that  t h i s  estimate implies t h a t  t h e  magnitude of 
about the  same f o r  a notched round bar as f o r  a symmetrically cracked p l a t e  
specimen of width equal t o  t h e  diameter of t h e  notched round bar. The experi-  
mental r e s u l t s  reported i n  reference 2 1  a r e  consis tent  with t h i s  conclusion, 
and it i s  a l s o  i n t u i t i v e l y  apparent i f  one regards a symmetrically edge-cracked 
p l a t e  specimen as equivalent t o  a longi tudina l  s l i c e  from the  center of a round 
notched bar.  

= 0.22 cr&D(1 - v) /E ,  or when Poisson's r a t i o  i s  0.3. This 

i s  j u s t  

Ig YS 

cIg 

The round notched bar requires  a considerably grea te r  amount of mater ia l  
and considerably more loading capacity than any of t h e  other  types of specimen 
f o r  gIc measurement considered. To compensate f o r  t h i s ,  t he  po ten t i a l  accu- 
racy of gIc 
easy t o  a t t a i n  t h e  f u l l  po ten t i a l  accuracy. Apart from the need f o r  a more 
accurate expression f o r  g than i s  now ava i lab le ,  it would be necessary t o  en- 
sure almost perfect  concentr ic i ty  of fa t igue  cracking and uniformity of load- 
ing. No study has yet  been made of t he  e r r o r s  t h a t  would r e s u l t  from s m a l l  de- 
v ia t ions  f r o m t h e  assumed per fec t ly  uniform t e n s i l e  loading of notched round 
bars ,  but the  study of single-edge-notched p l a t e  specimens discussed e a r l i e r  
ind ica tes  t h a t  unavoidable nonuniformity of loading could be a considerable 
source of e r ro r  i n  t e s t i n g  notched round bars .  A t  t h e  present time, t h e  bes t  
accuracy of (bIc measurement with notched round bars  i s  probably no b e t t e r  
than with p l a t e  specimens. 

measurement i s  probably r e l a t i v e l y  higher,  but it would not be 

As  i n  t h e  case of surface-cracked specimens, it i s  usual ly  assumed t h a t  
is  i n s t a b i l i t y  occurs at  maximum load i n  a notched round bar  t es t ,  and 4,. 

calculated from t h e  maximum load and t h e  average diameter of t h e  i n i t i a l  
cracked section. I n  t h i s  case a l s o  t h e  assumption ought t o  be subjected t o  
adequate experimental v e r i f i c a t i o n  u t i l i z i n g  crack extension monitoring ins t ru-  
ment a t  ion. 
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TABLE I. - COMPARISON OF DIMENSIONS OF VARIOUS PLANE STRAIN CRACK TOUGHNESS 

SPECTMENS h%VING CIg EQUAL TO u&/E 

[Specimens of t h e  dimensions given would be l a rge  enough t o  measure values 
of gIc up t o  u&/E, according t o  the  c r i t e r i a  discussed i n  the  t e x t .  
For other values of 
t i o n a l ,  and t h e  loads a r e  proportional t o  t h e  square of t he  values given 
i n  t h e  t a b l e .  1 

91, the  minimum dimensions a re  d i r e c t l y  propor- 
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Summary Comparison of Specimens f o r  gIc Measurement 

I n  se lec t ing  a p a r t i c u l a r  type of specimen f o r  gIc measurement, the 
following f a c t o r s  may need t o  be considered: 
value of ES,c/o$s expected among the  mater ia ls  t o  be tes ted ,  ( 2 )  t h e  desired 
accuracy of yIc 
machines, ( 4 )  t h e  economical usage of avai lable  t e s t  material, and (5)  t h e  form 
of the  t e s t  mater ia l .  

(1) t h e  magnitude of t h e  highest  

measurement, (3) t h e  loading capacity of avai lable  t e s t i n g  

Table I provides guidance regarding necessary dimensions and load require- 
ments, and suggests an order of merit  of accuracy f o r  the  various types of 
specimen considered herein.  The proportions given for each specimen type a r e  
considered t o  be about optimum so far as can be estimated a t  the  present time. 
The dimensions given are estimated as t h e  smallest t h a t  could be used for de- 
termination of a value of gIc equal t o  
cussed i n  t h e  preceding sections and subject t o  the  qual i f icat ions s t a t e d  there-  
in .  
data  have been accumulated, but it i s  unl ikely t h a t  t h e  revised values w i l l  be 

o2 YS /E, based on the  c r i t e r i a  d i s -  

These values may need t o  be revised when s u f f i c i e n t  per t inent  experimental 
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appreciably smaller than those given i n  t a b l e  I, more l i k e l y  they will be 
greater .  To estimate minimum dimensions for  d i f fe ren t  values of gIc, the  l i n -  
ear  specimen dimensions should be taken i n  d i r e c t  proportion t o  t h e  values 
given i n  t a b l e  I, and the  required load proportional t o  the square of the  value 
given i n  t h e  tab le .  The safes t  course i n  deciding on t h e  s i z e  of specimen t o  
be used i s  t o  overestimate subs tan t ia l ly  t h e  l a r g e s t  value of among 
the  mater ia ls  that  are t o  be t e s t e d  and t o  calculate  the  specimen dimensions 
accordingly. For most purposes, it i s  bes t  t o  s e l e c t  from a graded s e r i e s  of 
specimen s i z e s ,  i n  which the l i n e a r  dimensions increase by a f a c t o r  of two from 
one s i z e  t o  t h e  next. Following the ASTM Special Committee on Fracture Test- 
ing, one s i z e  of each type of p l a t e  specimen would be 3 inches wide. Hence, a 
graded s e r i e s  of p la te  specimens could conveniently have widths of three times 
Zn inches, where n has the  values -2 ,  -1, 0, 1, 2, e t c .  

perience so far suggests t h a t  the  best  accuracy of a,, measurement l i k e l y  t o  
be achieved i s  of the  order of f 2  percent. A c lear  d i s t i n c t i o n  should be made 
between t e s t i n g  accuracy and mater ia l  v a r i a b i l i t y .  The variance of g,, f o r  a 
given stock of mater ia l  may be of t h e  order of 10 percent or more; tha t  is ,  the  
standard deviation of t h e  r e s u l t s  from a la rge  number of accurate r e p l i c a t e  
t e s t s  would be of t h e  order of 10 percent or more of the  average value. It i s  
important, however, t o  know the v a r i a b i l i t y  of the  toughness of a mater ia l  as 
w e l l  as i t s  average toughness. I n  f a c t ,  a lower confidence L i m i t  i s  more i m -  
por tant  than t h e  average value. aIC 
measurement precis ion should be subs tan t ia l ly  b e t t e r  than t h e  variance of aIc 
r e s u l t i n g  from inherent mater ia l  v a r i a b i l i t y .  The main f a c t o r s  that  influence 
the  accuracy of gIC measurement a r e  t h e  accuracy of the expression used f o r  
calculat ing y and the  degree of uncertainty i n  t h e  estimate of the e f fec t ive  
crack length,  including t h e  p l a s t i c  zone correct ion fac tor .  The other neces- 
sary measurements can be made with r e l a t i v e l y  high accuracy (providing t h a t  the  
gIc i n s t a b i l i t y  i s  c l e a r l y  defined).  The authors believe t h a t  the  accuracy 
of the  expression f o r  4 
3 0 ( a ) )  i s  of t h e  order of ?1/2 percent when 
This i s  considerably b e t t e r  than the  f 2  percent suggested f o r  best  a t ta inable  
4 measurement accuracy. The poten t ia l ly  more accurate expressions f o r  4 
that  might be obtained for t h e  symmetrically cracked p la te ,  the  surface-cracked 
p la te ,  and the  notched round bar a r e  therefore  probably only of academic i n t e r -  
e s t .  The order of merit  f o r  accuracy given i n  t a b l e  I i s  based on these con- 
s idera t ions  and on other  points discussed i n  connection with bend specimens. 

E@,,/o& 

While it i s  somewhat premature t o  be very d e f i n i t i v e  about accuracy, ex- 

For t h i s  reason it i s  desirable  t h a t  the  

f o r  t h e  single-edge-notched tension specimen ( f i g .  
2a0/W i s  about 0.3 ( r e f .  2 3 ) .  

Reference t o  t a b l e  I shows tha t  if  the  loading capacity of avai lable  t e s t -  
ing machines i s  the  major l imi t ing  f a c t o r ,  a notched bend specimen w i l l  have a 
d i s t i n c t  advantage i n  the  l e v e l  of E Y I c  t h a t  can be measured w i t h  a given 
load. On t h e  other hand, if  mater ia l  economy i s  of major importance because 
the amount of t e s t  mater ia l  avai lable  i s  l imited,  then t h e  single-edge-notched 
tension specimen requires  only about half  as much mater ia l  as the  bend specimen 
because it i s  proportionately shorter .  It i s  a l so  somewhat more accurate,  but 
requires  about f i v e  times as much load. 

Both t h e  surface cracked p l a t e  and the  notched round bar types of speci- 
mens have a considerable disadvantage i n  t h e  loading capacity required t o  mea- 
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sure a given level of Both a l s o  requi re  considerably more mater ia l  
than the  other types of specimen. It i s  possible ,  though not yet es tabl ished,  
tha t  e i t h e r  t h e  surface-cracked p l a t e  specimen or  t h e  notched round bar might 
be usefu l  f o r  VI, measurement i n  cases where d e f i n i t i v e  r e s u l t s  could not be 
obtained by t h e  pop-in measurement procedure. I n  t h i s  case,  of course, syrmnet- 
r i c a l l y  cracked or single-edge-notched p l a t e  specimens of su f f i c i en t  thickness 
could a l s o  be used, but  then t h e  advantage of lower bulk would l a r g e l y  be l o s t .  
This i s  a question t h a t  has yet t o  be s e t t l e d  by ca re fu l  experiment. It i s  of 
considerable p r a c t i c a l  importance i n  connection with materials of high tough- 
ness and low y ie ld  s t rength  t h a t  requi re  la rge  specimens. 

E S I c .  

Sometimes the  cont ro l l ing  f a c t o r  i n  se l ec t ing  a specimen type w i l l  be t h e  
form of the  stock of material t o  be t e s t e d  and i t s  t ex tu re  i n  r e l a t i o n  t o  the  
d i rec t ions  of t h e  nominal p r inc ipa l  s t r e s ses  i n  service.  For a given stock of 
mater ia l ,  y may depend considerably on the  o r i en ta t ion  of t h e  crack i n  r e l a -  
t i o n  t o  the  p r inc ipa l  t e x t u r a l  d i rec t ions  der iving from t h e  ingot s t ruc tu re  and 
subsequent deformation i n t o  product form. Alternat ively,  t h e  measurement of 
toughness of welds and associated heat-affected regions may be of prime impor- 
tance i n  a pa r t i cu la r  appl icat ion.  
cracks i n  r e l a t i o n  t o  t h e  var iable  s t ruc tu re  of t h e  weld region. 

I C  

This requi res  very ca re fu l  loca t ion  of t e s t  

For t h e  common case of p l a t e  stock, t h e  nomenclature of reference 6 i s  
convenient i n  r e f e r r i n g  t o  t h e  s i x  p r inc ipa l  systems of crack propagation. The 
p l a t e  thickness d i r ec t ion  i s  labeled T, t h e  major r o l l i n g  d i r ec t ion  R, and 
t h e  width d i r ec t ion  W. The s i x  p r inc ipa l  systems of crack propagation can 
then be distinguished by p a i r s  of l e t t e r s ,  t h e  f i rs t  l e t t e r  represent ing t h e  
normal t o  the  crack plane and t h e  second l e t t e r  t he  d i r ec t ion  of propagation. 
For example, RW would represent  a crack normal t o  the  r o l l i n g  d i r ec t ion  propa- 
gat ing i n  the  width d i rec t ion .  It would be convenient t o  use e i t h e r  symmetri- 
c a l l y  cracked p l a t e  specimens or single-edge-notched specimens of f u l l  p l a t e  
thickness for t e s t s  of e i t h e r  WR or RW, but surface-cracked p l a t e  specimens 
would be more convenient f o r  WT or RT. Bend specimens could conveniently be 
used f o r  any of these four  systems of crack propagation. Tests of TW and TR 
present d i f f i c u l t i e s ,  but,  for tuna te ly ,  high t e n s i l e  s t r e s s e s  i n  t h e  thickness 
d i rec t ion  a re  usual ly  avoided by good design. 
have t o  be used ’ in  such a way t h a t  t h e  maximum nominal t e n s i l e  s t r e s s  i s  normal 
t o  the  f iber ing  d i r ec t ion ,  however, and i n  such cases it i s  most important t o  
t e s t  appropriately or iented f r ac tu re  toughness specimens. If necessary, exten- 
s ion  pieces could be welded t o  t e s t  sect ions taken from t h e  forging. I n  t h i s  
case t h e  obvious precautions should be observed. 

Sometimes heavy forgings may 

INSTRUMENTATION AND PROCEDURF: 

Born t h e  foregoing sect ions,  it i s  c l e a  t h a t  t h e  determination of gc 
SIC requires  a knowledge of t h e  crack length corresponding t o  the  load a t  
f rac ture  i n s t a b i l i t y .  Essent ia l ly ,  two cases may be distinguished; namely, an 
appreciable amount of crack extension takes  place before unstable f r ac tu re ,  or 
f r ac tu re  i n s t a b i l i t y  occurs immediately from t h e  i n i t i a l  crack f ron t .  The 
f irst  case i s  f requent ly  encountered i n  plane s t r e s s  t e s t i n g  and t h e  method of 
crack detect ion employed must be capable of following subs t an t i a l  amounts of 

o r  
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s t ab le  crack extension up t o  the  maximum load. On t h e  other hand, t he  major 
requirement i n  t h e  second case i s  high s e n s i t i v i t y  t o  i n i t i a l  crack movement as 
would be required i n  pop-in plane s t r a i n  gIc 
stances,  however, it may be desirable  t o  follow crack extension from pop-in t o  
f i n a l  f r ac tu re  and i n  such cases t h e  instrumentation must combine adequate sen- 
s i t i v i t y  with the  necessary measurement range. 

t e s t i n g .  I n  spec ia l  circum- 

Before proceeding with a descr ip t ion  of t h e  various types of instrumenta- 
t i o n  t h a t  have been employed f o r  crack extension measurement, it i s  desirable  
t o  discuss t h e  use of s t a in ing  f l u i d s  f o r  th i s  purpose. I n  the  f i rs t  repor t  of 
t he  ASTM Special  Committee ( r e f .  5 ) ,  it was  suggested t h a t  a usefu l  ind ica t ion  
of crack length a t  f r ac tu re  i n s t a b i l i t y  could be obtained by introducing a 
s ta in ing  substance, such as India  ink, i n t o  t h e  notch or crack before s t a r t i n g  
t h e  t e s t .  The assumption was made t h a t  t h e  ink would follow only t h e  s t a b l e  
crack extension. A t  f r ac tu re  i n s t a b i l i t y ,  t h e  crack ve loc i ty  would suddenly 
increase t o  a point  where t h e  ink would not longer move inward fast enough t o  
keep pace with the crack t i p .  Even if  t h i s  assumption could be proved cor rec t ,  
there  a r e  very good reasons f o r  avoiding t h e  use of s t a in ing  agents. 
t he re  i s  no way t o  determine, i n  advance, how much f l u i d  must be introduced in-  
t o  t h e  crack. A n  excess of f l u i d  will s p l a t t e r  or run a f t e r  f r ac tu re  so  that  
t h e  crack length can be g rea t ly  overestimated. An i n su f f i c i en t  amount of t he  
s ta in ing  agent w i l l ,  of course, have the  opposite e f f e c t .  For these and other 
reasons, t he  Committee no longer recommends the  use of s t a in ing  f l u i d s  i n  crack 
toughness t e s t s  ( r e f .  9 ) .  

Thus, 

I n  t h e  following sect ion,  severa l  crack extension measurement methods po- 
t e n t i a l l y  capable of yielding unambiguous r e s u l t s  a r e  described. Par t icu lar  
a t t en t ion  i s  given t o  p r a c t i c a l  appl icat ions and proper handling of the data. 
It should be emphasized t h a t ,  with the  exception of cinematography, a l l  of t h e  
techniques have been developed recent ly ,  and only l imited data a r e  avai lable .  
For these reasons some areas  of uncertainty e x i s t  i n  t he  appl ica t ion  of t he  new 
methods. It i s  a l s o  t h e  purpose of t h i s  sec t ion  t o  define these areas  c lear ly .  

CINEMATOGRAPHY 

Synchronized motion-picture cameras may be used t o  photograph simulta- 
neously the  load d i a l  of a t e n s i l e  machine and the  plane surface of a specimen 
containing a through-the-thickness crack. Sa t i s fac tory  reso lu t ion  of t he  crack 
requires  adjustment of t h e  l i gh t ing  f o r  the  pa r t i cu la r  surface conditions of 
the  specimen being t e s t ed .  Unwanted r e f l ec t ions  can be minimized by use of 
polar iz ing screens ( r e f .  9 ) .  The f i lm  i s  examined frame by frame and the  crack 
length d i r e c t l y  measured. Some inves t iga tors  have made t h i s  measurement t o  in-  
clude t h e  apparent extent  of t h e  dimple ahead of t h e  crack with t h e  idea of 
taking i n t o  account d i r e c t l y  a p l a s t i c  zone correction; however, t h i s  procedure 
cannot be generally recommended s ince the  apparent extent of t h e  dimple w i l l  
vary with the  prevai l ing l i gh t ing  conditions.  

The da ta  a r e  general ly  represented as a p l o t  of crack length and applied 
Examples of such load (or gross a rea  s t r e s s )  against  time ( o r  frame number). 

p l o t s  are shown i n  figure 2 1  f o r  wide sheets  of 4330M s t e e l  provided with cen- 
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4330M 
0.1%-in. sheet / 

Time, sec 

Figure 21. - Examples of stress and crack length measurements using 
cinematography. 

t e r  fat igue cracks (unpublished data  obtained by C .  F. Tiffany, Boeing A i r -  
c r a f t  Co.).  From representat ions of 'chis type, t h e  crack length a t  maxi" 
gross s t r e s s  may be selected f o r  use i n  calculat ing t h e  f rac ture  toughness; 
however, some inves t iga tors  s e l e c t  the  s t r e s s  a t  a crack length judged t o  cor- 
respond t o  the onset of "fast crack accelerat ion. ' '  Obviously, such a c r i t e r i o n  
f o r  se lec t ion  of crack length permits considerable l a t i t u d e  i n  t h e  judgment 
when behaviors such as those shown i n  f igure  2 1  are encountered. For t h i s  rea-  
son, it i s  recommended t h a t  t h e  s t r e s s  and crack length at maxi" load be used 
i n  the  f rac ture  toughness calculat ions,  i n  accordance with t h e  recommendations 
of the  AETM Special Committee on Fracture Testing ( r e f .  5) .  

This photographic method has been widely employed by the  a i r c r a f t  industry 
i n  t e s t s  on very wide thin-sheet specimens containing long through-the- 
thickness s l o t s  or cracks. The mater ia ls  of i n t e r e s t  i n  these t e s t s  a r e  qui te  
tough and generally exhibi t  considerable s tab le  crack extension. Under these 
circumstances, the  technique has considerable f l e x i b i l i t y  i n  t h a t  it may be 
r e a d i l y  adapted t o  t e s t s  a t  both low and high temperatures providing t h e  speci-  
men surface i s  v i s i b l e .  The method i s  unsuitable f o r  pop-in detect ion since it 
provides no indicat ion of crack extension below the surface.  
used, it i s  r e l a t i v e l y  insens i t ive  t o  s m a l l  crack extensions, however, there  i s  
no fundamental reason why considerable increase i n  s e n s i t i v i t y  could not be ob- 
ta ined by su i tab le  refinements i n  the o p t i c a l  system. 

A s  present ly  

ELECTRICAL POTETJTIm MEAEXlREMEl!lT 

If a body carrying a current contains a discont inui ty ,  there  w i l l  be a 
disturbance of the  p o t e n t i a l  f i e l d  i n  the  region of the  discontinuity.  If the  
discont inui ty  i s  a crack, t h e  p o t e n t i a l  difference between two f ixed points  
spanning the  crack will increase as the crack extends providing the  t o t a l  cur- 
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r e n t  does not decrease. 
the  e l e c t r i c  po ten t i a l  method. I n  prac t ice ,  a constant current i s  supplied t o  
the  specimen, and po ten t i a l  probes are fastened a t  su i t ab le  points  on e i t h e r  
s ide  of t h e  crack. The p o t e n t i a l  change with crack length may be measured with 
a double Kelvin bridge as used by Steigerwald and Hanna (ref. 42), or by elec-  
t r o n i c  instruments such as t h e  milliohmmeter employed by Anct i l ,  K u l a ,  and 
DiCesare (ref. 43) or a highly sens i t i ve  voltmeter-amplifier described l a t e r .  
These e lec t ronic  instruments have the  advantage t h a t  an output i s  provided 
su i tab le  t o  dr ive an X-Y p l o t t e r .  

This is  t h e  bas i s  fo r  crack extension measurement by 

The po ten t i a l  d i s t r i b u t i o n  w i l l  be a function of t he  specimen geometry, 
crack s i z e ,  and loca t ion  of t he  current  leads.  
it is  possible  t o  obtain a ca l ib ra t ion  curve tha t  r e l a t e s  E/Eo t o  t he  crack 
s i ze ,  where E i s  t h e  po ten t i a l  difference between t h e  probe points  measured 
as a funct ion of load and Eo 
crack. A ca l ib ra t ion  curve of t h i s  type w i l l  be independent of t he  mater ia l  
and specimen s i ze  provided t h a t  a l l  dimensions a re  changed i n  proportion in-  
cluding the  locat ions of t he  current  and po ten t i a l  leads.  For specimens con- 
t a in ing  through-the-thickness cracks, it i s  convenient t o  make a pa t t e rn  of t h e  
specimen geometry by using e l e c t r i c a l l y  conductive analog paper. These paper 
pa t te rns  a r e  usefu l  not only i n  obtaining t h e  ca l ib ra t ion  curve, but a l so  f o r  
general  po ten t i a l  mapping of a pa r t i cu la r  specimen geometry i n  order t o  de te r -  
mine optimum locat ions f o r  t h e  current leads and po ten t i a l  probes. A suffi- 
c i e n t l y  constant current can be maintained if t h e  paper i s  connected across a 
90-volt dry ba t t e ry  through a r e s i s t o r  having a value about 100 times t h e  re- 
s i s tance  of t h e  paper pat tern.  A razor blade may then be used t o  cut t he  de- 
s i r ed  crack lengths and shapes, and a vacuum tube voltmeter employed t o  map t h e  
po ten t i a l  f i e l d .  The recommended current  input and probe locat ions as w e l l  as 
the  ca l ib ra t ion  curves t o  be described were obtained i n  t h i s  m a n n e r .  

A s  shown previously ( r e f .  43) , 

i s  t h e  value at no load f o r  a specimen without a 

Testing Procedure 

The specimen should be e l e c t r i c a l l y  insulated from the t e n s i l e  machine by 
some su i t ab le  means, such as polytetrafluoroethylene sheet spacers or e l e c t r i -  
c a l  insu la t ing  tape.  It i s  des i rab le  t o  loca te  t h e  current leads s u f f i c i e n t l y  
far from t he  crack plane so  t h a t  s m a l l  var ia t ions  i n  t h e i r  pos i t ion  would not 
influence the  r e s u l t s .  This dis tance should be greater  than one-half the  width 
or diameter of t he  p r a c t i c a l  specimen types i l l u s t r a t e d  i n  appendix A. For 
high s e n s i t i v i t y  t o  i n i t i a l  crack extension, t he  po ten t i a l  probes should be 
located as close t o  the  crack t i p  as possible ,  t h e  ac tua l  loca t ion  depending on 
t h e  method of attachment. Tne probe pos i t ions  shown i n  figure 22 f o r  p l a t e  
specimens were establ ished f o r  use w i t h  a pa r t i cu la r  s e t  of s l o t t e d  yokes tha t  
span the  specimen thickness and reference -the specimen edges. Opposing pointed 
screws i n  each yoke serve as probes contacting t h e  f ron t  and r e a r  surface of 
t h e  specimen. Leads from each yoke connect t o  the po ten t i a l  measuring device. 
It w i l l  be noted that  t h e  yokes loca te  t h e  probes s l i g h t l y  behind the  nominal 
i n i t i a l  pos i t ion  of t he  crack t i p  of t he  p r a c t i c a l  p l a t e  specimens shown i n  
appendix A. This hor izonta l  l oca t ion  i s  chosen s o  t h a t  the t i p  of t h e  shor tes t  
crack (within t h e  expected to le rance)  will be at  or beyond the  probe points .  

The constant current  may be obtained from a regulated power supply. These 
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Figure 22. -Typical load a s  function of potential records illustrating pop-in and crack extension 
to maximum load. 

a r e  commercially ava i lab le  i n  capac i t ies  up t o  100 amperes with high s t a b i l i t y .  
Alternat ively,  wet storage c e l l s  connected i n  p a r a l l e l  can be used with a s u i t -  
able  b a l l a s t  r e s i s t ance  (high r e l a t i v e  t o  t h e  specimen) i n  s e r i e s  with t h e  
specimen. 
b a t t e r i e s  should be connected i n  p a r a l l e l  t o  reduce t h e  current dra in  per c e l l .  
The current supply cable can be connected t o  t h e  specimen by clamps or by b o l t s  
through s m a l l  holes.  With t h e  l a t t e r  arrangement, t he  holes should be at  l e a s t  
one specimen width or diameter away from t h e  crack t o  avoid in t e rac t ion  of 
s t r e s s  f i e l d s .  The amount of current required f o r  a given crack extension sen- 
s i t i v i t y  w i l l ,  of course, depend on t h e  r e s i s t i v i t y  of t h e  specimen, i t s  cross 
sect ion,  and the  s e n s i t i v i t y  of t h e  po ten t i a l  measuring device employed. A s  an 
example, t he  authors,  using the  po ten t i a l  sensing and recording equipment de- 
scribed i n  the  following sect ion,  obtained t h e  desired s e n s i t i v i t y  t o  crack ex- 
tension when supplying 10 amperes t o  a s t e e l  single.-edge-notched specimen 
3 inches wide and 1 / 2  inch th ick .  

A s  mentioned previously,  an e lec t ronic  p o t e n t i a l  measuring instrument can 
be used t o  advantage. The milliohmmeter described by Anctil ,  e t  al .  (ref.  43) 
has a b u i l t - i n  power supply t h a t  i s  l imi ted  t o  100 milliamperes. This i n s t ru -  
ment therefore  lacks s u f f i c i e n t  s e n s i t i v i t y  t o  make it generally usefu l  i n  
f r ac tu re  t e s t ing .  A r ecen t ly  developed ( r e f .  44) voltmeter-amplifier combina- 
t i o n  can be used with an ex terna l  current  supply, such as those j u s t  described, 
and has an output of 10 v o l t s  f o r  f u l l - s c a l e  meter def lec t ion  on any one of 
13 input ranges, t h e  most sens i t ive  o f  which i s  0 t o  0 .1microvol t .  
pression i s  ava i lab le  up t o  100 times f u l l  s ca l e  on any range. I n  order t o  
minimize the  influence of thermal emf's, it i s  necessary t o  avoid, where possi-  
b le ,  d i ss imi la r  metal  junctions i n  t h e  input c i r c u i t  t o  t he  voltmeter. 
c u l t i e s  due t o  these thermocouple e f f e c t s  and s t r a y  f i e l d s  l i m i t  t he  usefu l  
working range of t h e  voltmeter t o  30 microvolts or higher unless e laborate  pre- 
cautions a re  taken i n  t h e  experimental setup. 

If t h e  current  output drifts  appreciably during a t e s t ,  addi t iona l  

Zero sup- 

D i f f i -  

Reduction of Data 

If t h e  output of t h e  voltmeter-amplifier i s  f ed  t o  one channel of an X-Y 
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recorder and the  s igna l  from a load c e l l  t o  t h e  other channel, a p lo t  of poten- 
t i a l  against  load i s  obtained d i rec t ly .  Examples of two such p l o t s  f o r  s ingle-  
edge-notched specimens a r e  shown i n  f igure  22 i l l u s t r a t i n g  both a r e l a t i v e l y  
s m a l l  i n i t i a l  crack movement and a very d i s t i n c t  pop-in. 

The i n i t i a l  p o t e n t i a l  Ei i s  suppressed and the  p o t e n t i a l  change with 
load E - Ei may be considered as consisting of th ree  stages.  During stage I 
there  i s  a rapid increase i n  poten t ia l  a t  low loads due t o  separation of t h e  
fa t igue  crack surfaces.  The p o t e n t i a l  during stage I1 increases l i n e a r l y  with 
load and corresponds only to e l a s t i c  s t r a i n .  The beginning of stage 111, E,, 
i s  marked by a nonlinear increase i n  p o t e n t i a l  r e s u l t i n g  from crack extension 
and/or crack t i p  p l a s t i c i t y  ( t h e  contribution of p l a s t i c i t y  is  usual ly  consid- 
ered negl igible) .  
crack movement can be establ ished depends on t h e  sharpness of the  d iv is ion  be- 
tween stage I1 and s tage 111. I n  t h e  two cases shown t h i s  i s  qui te  d i s t i n c t ;  
however, as w i l l  be discussed l a t e r  (see f i g .  28, p. 5 3 ) ,  s m a l l  amounts of 
crack extension may occur e a r l y  i n  the  t e s t  before a d i s t i n c t  pop-in, and, i n  
such cases,  acoustic measurements a re  of ass is tance i n  in te rpre ta t ion  of t h e  
p o t e n t i a l  records. If plane s t r a i n  toughness determinations a r e  t o  be made, 
t h e  load a t  pop-in i s  read d i r e c t l y  from the  load-potential  records and used i n  
t h e  appropriate dl: equation. Also the  load-potential  records may be con- 
verted t o  a p lo t  of crack extension as a function of load by the  use of c a l i -  
b ra t ion  curves. 

The accuracy with which t h e  load corresponding t o  i n i t i a l  

Calibration curves f o r  several  p r a c t i c a l  f r a c t u r e  toughness p l a t e  specimen 
types a r e  given i n  f igures  23 and 24. These curves have been determined f o r  
t h e  poten t ia l  probe posi t ions shown and w i t h  t h e  current input attachments far 
enough removed t h a t  the  measured p o t e n t i a l  i s  
When these curves a r e  used, the  value of Eo 
specimen without a notch. Alternatively,  E, 
ckLated as follows 

influenced only by the  crack. 
could be measured on a dummy 
f o r  a par t icu lar  t e s t  may be ca l -  

where A i s  the  value of E/Eo obtained from t h e  ca l ibra t ion  curve corre- 
sponding t o  the  measured i n i t i a l  crack length and width and 
t i a l  a t  crack i n i t i a t i o n  ( see  f i g .  2 2 ) .  

E, i s  t h e  poten- 

When ca l ibra t ion  curves of t h i s  type a r e  used, it is  important t o  keep i n  
mind c e r t a i n  r e s t r i c t i o n s  on t h e i r  application. 
connections described, t h e  ca l ibra t ion  curves f o r  symmetrically cracked p l a t e  
specimens w i l l  y ie ld  the  average of t h e  crack extension occurring a t  each crack 
t i p .  Independent measurements a r e  of course possible,  i f  separate p a i r s  of 
probes a r e  used a t  these  locat ions.  The c a l i b r a t i o n  curve corresponds to a 
crack f r o n t  normal t o  t h e  specimen surface and load ax is .  
viously (see f i g .  6, p. 9 )  i n  an a c t u a l  specimen, the f r o n t  i s  always curved, 
and t h i s  curvature i n  mixed mode f r a c t u r e s  may occupy a region about equal t o  
t h e  p l a t e  thickness.  For t h i s  reason, crack extensions calculated from the  
ca l ibra t ion  curves w i l l  c lose ly  approximate t h e  a c t u a l  values only when t h e  
curved region i s  a s m a l l  f r a c t i o n  of the  t o t a l  crack extension. 
the  e f f e c t  of curvature on measured crack length may be neglected i f  t h e  t o t a l  
crack length 2% i s  la rge  i n  comparison with the thickness.  

For t h e  probe posi t ions and 

As discussed pre- 

I n  4, tes ts ,  
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Figure 23. - Electric potential calibration curves for symmetrical ly center- and edge- 
cracked plate specimens. 
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Figure 24. - Electrical potential cal ibrat ion curve for single-edge-notch specimen. 
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When s tudies  a r e  made of t he  
pop-in phenomenon, it i s  instruc-  
t i v e  t o  determine the  extent  of 
crack movement associated with a 
given ind ica t ion  of pop-in (e .g . ,  
t he  magnitude of a s t ep  i n  the  
loading curve).  As  discussed 
previously, t h e  ca l ibra t ion  
curves a re  not pa r t i cu la r ly  use- 
f u l  i n  t h i s  case since the  ma jo r  
port ion of t h e  crack extension i s  
occupied by the  curved f r ac tu re  
f ron t .  To obtain a more d i r e c t  
ind ica t ion  of crack extension 
under these  circumstances, i n t e r -  
r u p t e d t e s t s  of a se r i e s  of 
specimens may be made represent- 
ing increasing amounts of poten- 
t i a l  change. The specimens a re  
hea t - t in ted  t o  ou t l ine  the  crack 
f r o n t  and then broken. A p l o t  
may then be made of E/Eo a t  in-  
t e r rup t ion  against  some measured 
value from the  heat- t inted crack 

Aa = ME115 Eo ( f rom calibration curve) 

0 
0 

1 J indicat ion.  
0 .02 .04 .06 .08 .10  .12 

A few r e s u l t s  of t h i s  type 
have been reported i n  r e fe r -  
ence 42. Some data  obtained by 
the  authors i s  shown i n  f igu re  25 

Aa 

Figure 25. - Ratio of potential change to in i t ia l  potential as funct ion 
of actual crack extension determined by interrupted tests. 

Tor single-edge-notch t e s t s  on 18Ni-Co-Mo s t e e l  aged t o  a wide range of 
s t rength  leve ls .  I n  t h i s  case A a  represents  t h e  maximum extension from i t s  
i n i t i a l  pos i t ion  of t he  most advanced point on t h e  crack f ron t .  Within the  
s c a t t e r ,  there  i s  roughly a l i n e a r  r e l a t i o n  between A a  and E/Eo t h a t  i s  
useful  i n  estimating t h e  amount of crack extension represented by a given po- 
t e n t i a l  change a t  pop-in. 
w i t h  t h e  slope of t h e  ca l ib ra t ion  curve f o r  t h e  pa r t i cu la r  value of 
i n  these  t e s t s .  A s  might be expected, t h e  ca l ib ra t ion  curve would give e s t i -  
mates of Aa corresponding t o  a s t r a i g h t  crack f ron t  and therefore  consider- 
ab ly  smaller than t h e  a c t u a l  values. 

The general  t rend  of these points  may be compared 
a o / W  used 

Advantages and Limitations of Poten t ia l  Method 

This technique appears t o  be r ead i ly  adaptable t o  a l l  p r a c t i c a l  f r ac tu re  
toughness specimen types.  The necessary instrumentation i s  commercially ava i l -  
able t o  permit automatic recording of t h e  2 o t e n t i a l  change. Cal ibrat ion curves 
r e l a t i n g  po ten t i a l  change t o  crack extension may be e a s i l y  determined f o r  
through-cracked specimens by use of analog paper. With optimum locat ion of t h e  
p o t e n t i a l  probes, a very high s e n s i t i v i t y  t o  crack extension may be obtained. 
For example, it may be reasonably assumed t h a t  0.050 inch chart  pen movement on 
the  X-Y recorder i s  e a s i l y  d iscern ib le  and t h a t  a gain of 100,000 i s  possible 
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through t h e  voltmeter-amplifier with good s t a b i l i t y .  This corresponds t o  a 
s e n s i t i v i t y  of 0.5 microvolt. With t h i s  s e n s i t i v i t y ,  a crack extension of 
0.0025 inch i s  obtained from t h e  c a l i b r a t i o n  curve f o r  an aluminum center- 
cracked specimen (W = 3 in .  and B = 1 / 2  i n . )  provided with 50 amperes. 

The current requirements can cons t i tu te  a d e f i n i t e  l imi ta t ion  on t h e  use 
of t h e  method. Thus, t h e  r e s i s t i v i t y  of most metals decreases very rap id ly  at  
temperatures below about -300' F, and a t  liquid-hydrogen temperature, t h e  cur- 
r e n t  required for normal specimen s i z e s  would be prohib i t ive ly  large.  A t  e le -  
vated temperatures, the  r e s i s t i v i t y  increases but appreciable thermoelectric 
e f f e c t s  become d i f f i c u l t  t o  avoid. The speed of t e s t i n g  is  l imited by t h e  r e -  
sponse of t h e  p o t e n t i a l  measuring device employed. When the  h igh-sens i t iv i ty  
e lec t ronic  voltmeter described previously i s  used, the  maximum response speed 
i s  of the  order of 1 /2  second. 
possible because input amplif iers  a r e  not avai lable  t h a t  have s u f f i c i e n t  gain 
combined with fas t  response, high s t a b i l i t y ,  and low noise. 

The use of an oscil loscope i s  apparently not 

DISmACEMENT GAGES 

The displacement per u n i t  load between two points  spanning a crack w i l l  
increase with crack length. For e l a s t i c  loading, t h i s  r a t i o  i s  defined as a 
compliance and, f o r  given specimen dimensions, depends only on the  dis tance 
between the  points  (gage length)  and the  e l a s t i c  modulus of t h e  material .  
surement of displacement i s  the  bas i s  f o r  use of so-called compliance gages i n  
measuring the  crack extension i n  f r a c t u r e  toughness specimens. I n  prac t ice  a 
t e s t  specimen i s  provided with a gage t h a t  measures t h e  displacement as a func- 
t i o n  of applied load as t h e  crack extends. It i s  usual ly  assumed t h a t  t h e  com- 
pliance corresponding t o  any point on t h e  curve may be obtained from the  slope 
of a l i n e  connecting t h i s  point t o  t h e  or igin.  

Mea- 

The crack length a t  a given load i s  then determined with the  a i d  of a 
ca l ibra t ion  curve. For example, i n  the case of symmetrically loaded p l a t e  
specimens, t h i s  curve gives t h e  r a t i o  of 2a/W as a function of C/Co, where 
C i s  t h e  assumed compliance corresponding t o  a p a r t i c u l a r  point on t h e  load 
extension curve,and Co i s  the  compliance a t  zero crack length. The value of 
Co 
ca l ibra t ion  curve i n  t h i s  form will apply t o  any material, providing t h a t  a l l  
dimensions of t h e  specimen under t e s t  and the  gage length a r e  proportioned t o  
t h e  ca l ibra t ion  specimen. Calibration curves a r e  obtained by machining pro- 
gressively longer s l o t s  (simulating t h e  crack) i n t o  a ca l ibra t ion  specimen and 
determining t h e  compliance f o r  the  selected gage length a t  each known s l o t  s i z e  
f o r  conditions of e l a s t i c  loading. 

may be calculated from t h e  e l a s t i c  modulus, as is  described l a t e r .  The 

This method of determining crack extension i s  well  su i ted  t o  t e n s i l e -  
loaded p la te  specimens containing through-the-thickness cracks although, i n  
pr inciple ,  it appl ies  t o  any specimen. Application t o  other specimen types,  
however, o f f e r s  as yet  unresolved problems e i t h e r  i n  t h e  experimental procedure 
or i n  t h e  in te rpre ta t ion  of the  r e s u l t s .  For example, t h e  method has been ap- 
p l ied  t o  c i rcumferent ia l ly  notched round bars  as described i n  reference 32 and 
more recent ly  by Van der Sluys ( r e f .  45). The data  obtained indicate  that t h e  
change i n  compliance w i t h  crack extension i s  r e l a t i v e l y  s m a l l  f o r  t h i s  specimen 
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type and tha t  e c c e n t r i c i t i e s  of loading (which a r e  d i f f i c u l t  t o  avoid) can have 
an appreciable e f f e c t  on t h e  accuracy. 

Before proceeding t o  a discussion of the  p r a c t i c a l  appl icat ion of d i s -  
placement gage techniques f o r  crack extension measurement, it should be men- 
t ioned that the  s t r a i n  energy re lease  r a t e s  can be determined from the  rate of 
change of compliance with crack length. 
values f o r  a par t icu lar  specimen geometry w a s  suggested i n  reference 31 and w a s  
used i n  reference 32 t o  obtain an experimental r e l a t i o n  between s t r a i n  energy 
re lease  r a t e  and crack depth i n  bend specimens and circumferentially notched 
round bars. Amore recent publication (ref. 23) describes a very precise 
method f o r  measuring the  compliance of tensile-loaded p l a t e  specimens as a 
function of crack length and gives r e s u l t s  f o r  a single-edge-notched specimen. 

This technique f o r  determining g 

Gage Types and Testing Procedures 

The requirements f o r  a displacement gage t o  be used i n  4, t e s t s  a r e  
somewhat more d i f f i c u l t  t o  meet than those f o r  t e s t i n g .  For the  former 
appl icat ion,  it would be desirable  t o  use a s ingle  ca l ibra t ion  curve f o r  a 
given specimen type. This requires  that  t h e  gage length be adjustable t o  ac- 
commodate various specimen s izes .  T h i s ,  i n  tu rn ,  requires  the s igna l  output as 
a function of displacement t o  be l i n e a r  over a s u f f i c i e n t l y  wide range t o  ac- 
commodate the la rges t  displacements ant ic ipated.  On t h e  other hand, the main 
requirement of the displacement gage i n  4,-, 
i t y  t o  i n i t i a l  crack movement. For e i t h e r  type of t e s t i n g  the  gage length 
should be as short  as possible as an a i d  i n  obtaining maximum s e n s i t i v i t y .  

t e s t i n g  i s  t h a t  of high sens i t iv -  

Linear response t o  displacement combined w i t h  high s e n s i t i v i t y  and ade- 
quate range f o r  g ,  
A recent paper by Boyle ( r e f .  46) describes a f ixed gage length ( 2  i n . )  adapter 
that  permits t h e  use of a standard releasable  extensometer f o r  displacement 
measurements between gage points  spanning the  center notch i n  p la te  specimens. 
A magnification f a c t o r  of 2 i s  provided by a lever  system w i t h  spring-loaded 
knife  edges. The adapter i s  not completely separable, and t h e  gage points suf- 
f e r  r a t h e r  badly when t e s t i n g  hard specimens t o  f rac ture .  It i s  d i f f i c u l t  t o  
construct a trouble-free displacement gage with a var iable  gage length. A de- 
s ign of t h i s  type f o r  center-notched specimens used by Jones and Brown ( r e f .  
47) consis ts  of an upper and lower s p l i t  yoke. These a r e  attached independent- 
l y  to t h e  specimen so t h a t  t h e  gage i s  completely separable. One yoke contains 
the  d i f f e r e n t i a l  transformer and t h e  other serves as a reference surface f o r  
t h e  transformer core. The yokes are provided with gage points t h a t  span t h e  
notch a t  the specimen center.  A p a r t i c u l a r  gage length i s  established by use 
of a posit ioning j i g  t h a t  i s  removed a f t e r  clamping t h e  yokes t o  the specimen. 
This gage i s  adaptable t o  any specimen thickness and, i n  pr inciple ,  could be 
made t o  accommodate a range of specimen widths. I n  order t o  permit i t s  use on 
specimens having an appreciable bow, an addi t ional  l i n e a r  d i f f e r e n t i a l  t rans-  
former should be incorporated so  t h a t  the  s t r a i n s  on t h e  two f l a t  surfaces of 
t h e  specimen may be averaged. I n  an arrangement used by Bulloch and Ferguson 
(ref.  48) a l i n e a r  d i f f e r e n t i a l  transformer and a su i tab le  reference surface 
are fastened t o  the  specimen by means of pins f i t t e d  through smal lholes .  This 
method of d i r e c t  attachment appears t o  be l imited t o  s i t u a t i o n s  where the  

t e s t i n g  i s  provided by l i n e a r  d i f f e r e n t i a l  transformers. 
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Figure 26. - Load-displacement records for single-edge-notch 
specimen obtained by using single beam gage and dif ferential 
beam gage. 

specimen thickness  i s  s u f f i c i e n t  t o  sup- 
por t  t h e  pins; however, it does have t h e  
advantage of f l e x i b i l i t y .  

It is  possible  t o  dr ive t h e  load- 
s t r a i n  recorder  of some t e n s i l e  machines 
d i r e c t l y  from a l i n e a r  d i f f e r e n t i a l  
transformer output; however, when some 
types of transformer are used i n  the  
displacement gage, addi t iona l  c i r c u i t s  
may be required t o  obtain t h e  desired 
magnification f ac to r .  If t h e  t r ans -  
former output i s  t o  be fed t o  an X-Y 
recorder,  it i s  n e c e s s a r y t o  employ a 
su i t ab le  converter.  

As  indicated previously, require-  
ments regarding t h e  measuring range and 
l i n e a r i t y  of output may be relaxed i n  
g,, t e s t i n g .  Relaxation of these re- 

quirements gives more freedom i n  t h e  de- 
s ign  of displacement gages t h a t  a r e  f r e -  
quently optimized f o r  a pa r t i cu la r  spec- 
imen type. The l i nea r  d i f f e r e n t i a l  
transformer gages described previously 
a re ,  i n  general ,  a l s o  su i t ab le  f o r  
t e s t i n g .  I n  t h e  case of single-edge- gIc 

notched specimens, a standard re leasable  or separable extensometer may be 
clamped a t  the  specimen edge across the  notch; however, an extensometer used i n  
t h i s  way can be damaged i f  t he  specimen halves are allowed t o  r o t a t e  f r e e l y  
about t he  loading pins  a f t e r  f r ac tu re .  
placing s o f t  metal blocks i n  t h e  yokes under t h e  specimen ends. For bend 
t e s t s ,  Romine ( r e f .  49) has described t h e  use of a conventional deflectometer 
t o  measure def lec t ions  at  t h e  point of load appl icat ion.  

Excessive r o t a t i o n  can be prevented by 

Frequently, it i s  possible  t o  use a r e l a t i v e l y  simple beam gage (or c l i p  
gage) t h a t  cons is t s  of a m e t a l  s t r i p  with wire res i s tance  or f o i l  s t r a i n  gages 
on opposite faces .  The beam gage i s  then bent t o  bear against  two reference 
surfaces a t  the  extremes of t h e  gage length. S e n s i t i v i t y  of a beam gage in-  
creases with t h e  r a t i o  of beam thickness t o  length and t h e  r a t i o  of gage length 
t o  beam length. A descr ip t ion  of highly sens i t i ve  gages of t h i s  type i s  given 
i n  reference 23. 
s i tua t ions .  For example, t he  gage may be located by edge grooves machined on 
e i t h e r  s ide  of t h e  notch i n  single-edge-notched specimens. The output of a 
beam gage w i l l  be a nonlinear funct ion of i t s  end def lect ion;  however, t h i s  i s  
of no pa r t i cu la r  consequence i n  g,, 
only information required.  

Beam gages a re  r e a d i l y  adaptable t o  a v a r i e t y  of t e s t i n g  

t e s t i n g ,  where a pop-in ind ica t ion  i s  t h e  

A d i f f e r e n t i a l  beam gage i s  under development by the  authors t o  de tec t  
The pr inc ip le  i s  t o  buck out t h a t  pop-in i n  single-edge notched specimens. 

pa r t  of the  gage output t h a t  i s  not due t o  a change i n  crack length.  
arrangement i s  shown schematically i n  f igu re  26. 
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Figure 27. - Comparison of displacement-gage calibration curve  w i th  several 
calibration curves obtained by us ing  electric potential measurements i l lus-  
t ra t ing inf luence of gage length. 

i n  tandem with a dummy specimen. 
Both specimens a r e  provided with 
beam gages spanning t h e  edge 
cracks, t h e  output of these gages 
being opposed i n  a su i tab le  
bridge arrangement. The d m y  
specimen i s  i d e n t i c a l  t o  t h e  t e s t  
specimen except t h a t  i t s  edge 
s l o t  is  terminated i n  a hole 
r a the r  than i n  a fa t igue  crack, 
so  t h a t  no crack extension i n  the  
d m y  occurs during t h e  t e s t .  A 
schematic X-Y recorder p lo t  of 
gage output against  applied load, 
shown i n  f igu re  26 f o r  a s ingle-  
edge-notched specimen, i l l u s -  
t r a t e s  r e s u l t s  obtained with a 
d i f f e r e n t i a l  beam gage and a s in-  
g le  gage. Two advantages of t h e  
d i f f e r e n t i a l  beam gage compared 
with a s ingle  gage a re  evident. 
Because t h e  d i f f e r e n t i a l  gage 
output i s  obtained only w i t h  
crack extension, pop-in indica- 
t i o n s  will be more d i s t i n c t  and 
considerably higher gain m y  be 
used without exceeding t h e  limits 
of t h e  char t  paper before pop-in 
occurs. 

The instrumentation necessary f o r  beam gages i s  the  same as tha t  normally 
employed with wire res i s tance  s t r a i n  gages. The gage outputs can be used t o  
dr ive conventional t e n s i l e  machine load-s t ra in  recorders e i t h e r  d i r e c t l y  or 
through c o m e r c i a l l y  avai lable  adapters.  If an X-Y recorder i s  used, t h e  gage 
bridge output may be connected d i r e c t l y  t o  one ax i s  with t h e  output from a load 
c e l l  bridge on t h e  other .  

Reduction of Data 

If plane s t r a i n  toughness determinations a r e  t o  be made, t h e  load at pop- 
i n  i s  determined from records such as those shown i n  f igu re  26 and used with 
the  appropriate gIc equation ( see  appendix A) .  If t he  load-s t ra in  record has 
been determined w i t h  gages designed f o r  4, t e s t i n g ,  t h e  def lect ions may be 
converted t o  crack lengths by using a su i t ab le  ca l ib ra t ion  curve. A ca l ibra-  
t i o n  curve given i n  reference 46 f o r  center-notched specimens i s  shown i n  f i g -  
ure 27, along with some curves for t h e  same specimen geometry obtained by t h e  
previously discussed po ten t i a l  method. The displacement gage ca l ib ra t ion  i s  
given as C / C o  against  2a/W, where C is  t h e  compliance corresponding t o  any 
point on t h e  load-displacement curve and 
length. This ca l ib ra t ion  curve appl ies  t o  a l l  center-notched specimens pro- 
viding that  the  displacement gage used has a gage length of 

Co is  the  compliance f o r  zero crack 

2W/3 and i s  
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located symmetric t o  t h e  crack plane at  t h e  specimen center l ine.  Under these 
conditions,  C = e/P, where e i s  t h e  t o t a l  measured def lec t ion  a t  t h e  load P. 
The value of Co f o r  t h i s  gage length may be calculated as follows 

2 
3EB co = - 

where B i s  t h e  thickness  and E i s  t h e  e l a s t i c  modulus of t h e  t e s t  specimen. 

This procedure for use of t h e  ca l ib ra t ion  curve assumes t h a t  t h e  unloading 
l i n e  corresponding t o  any given amount of crack extension on a load- 
displacement curve w i l l  be l i n e a r  and w i l l  pass through the  or ig in .  Actually, 
as shown i n  reference 46, t h e  unloading curves are not exac t ly  l i n e a r  and do 
not pass through the  or ig in .  This i s  a t t r i b u t e d  t o  t h e  ac t ion  of a crack t i p  
p l a s t i c  zone t h a t  a c t s  t o  prop open the  crack on unloading. By ad jus t ing  t h e  
unloading curve t o  pass through the  or ig in ,  it i s  assumed t h a t  t h i s  propping 
e f f e c t  i s  subtracted out and t h a t  t h e  "true" compliance a t  load i s  determined. 

It should be noted t h a t  t h e  displacement measurements w i l l  be increased by 
crack t i p  p l a s t i c i t y  as wel l  as by crack extension. 
been suggested t h a t  t he  crack lengths calculated from t h e  displacement-gage 
ca l ib ra t ion  curves be used d i r e c t l y  i n  the  equations s ince,  i n  e f f e c t ,  
they already contain a p l a s t i c i t y  correct ion.  While t h i s  procedure should 
probably be followed, it is  d i f f i c u l t  t o  e s t ab l i sh  it on a f i r m  bas i s  due t o  
t h e  previously discussed complexities introduced by the  nonideal unloading 
cwve behavior. 

For t h i s  reason, it has 

9, 

When in t e rp re t ing  displacement-gage da ta  i n  terms of crack extensions,  it 
should be remembered t h a t ,  a t  b e s t ,  only average values can be determined un- 
l e s s  the  crack extension i s  l a rge  i n  comparison with t h e  thickness.  Measure- 
ment e r ro r s  associated with s m a l l  crack extensions due to t h e  curved nature of 
t h e  crack f ron t  were previously discussed i n  connection with data  reduction 
from po ten t i a l  measurements. 

,Advantages and Limitations of Displacement Gages 

This method, i n  pr inc ip le ,  i s  adaptable t o  a wide va r i e ty  of' t e s t i n g  
s i tua t ions ,  but t h e  pa r t i cu la r  gage design w i l l  depend on both t h e  specimen 
type and the  t e s t i n g  conditions.  If l i n e a r  d i f f e r e n t i a l  transformers a r e  em- 
ployed, t h e  gage may be immersed d i r e c t l y  i n  a cryogenic bath. The authors 
have used d i f f e r e n t i a l  transformers a t  liquid-hydrogen temperatures with no 
d i f f i cu l ty ,  providing t h a t  t h e  transformer windings were sealed against  mois- 
t u r e .  By employing conventional extensometer extension arm arrangements, l i n -  
ear d i f f e r e n t i a l  transformer displacement gages could be used f o r  high- 
temperature t e s t s .  

A beam-displacement gage f o r  t e s t i n g  a t  high temperatures with 
center-notched p l a t e s  w a s  described by Morrison, Jenkins, and Kattus ( r e f .  50). 
The gage i s  mounted between extension arms t h a t  contact t h e  edges of t h e  speci-  
men near t he  heads and extend out t h e  s ides  of a s p l i t  in f ra red  lamp furnace. 
Because of t h e  f a c t  t h a t  the  gage points  a r e  far removed from the  crack, t h i s  
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gage has r a the r  low s e n s i t i v i t y .  Beam gages with fo i l - r e s i s t ance  sensing e l e -  
ments could be used a t  cryogenic temperatures. A discussion of t he  most s u i t -  
ab le  types of f o i l  gages f o r  use i n  l i q u i d  hydrogen, and spec ia l  precautions 
regarding t h e i r  appl ica t ion  have been presented by Kaufman (refs. 5 1  and 52).  

The beam displacement gage is  p a r t i c u l a r l y  well  su i ted  t o  g,, t e s t i n g  a t  
high s t r a i n  r a t e s  because the output may be e a s i l y  displayed on conventional 
oscil loscopes.  The authors have used these gages on single-edge-notched speci-  
mens f rac tured  i n  the  order of a fewmil l iseconds.  Care must be taken t o  de- 
s ign  t h e  gage and arrange t h e  mounting so t h a t  t h e  rap id  appl icat ion of load 
does not cause resonance v ibra t ion  i n  t h e  beam. 

There appears t o  be no inherent l imi t a t ion  t o  t h e  appl icat ion of displace- 
ment gages i n  f r ac tu re  toughness t e s t ing .  A s  compared with t h e  e l e c t r i c a l  po- 
t e n t i a l  technique, however, t h e  method of adapting the  sensing element t o  t h e  
specimen i s  frequent ly  more d i f f i c u l t .  This i s  p a r t i c u l a r l y  t r u e  of  t h e  l i n e a r  
gages des i rab le  f o r  4, 
sometimes complex mounting and linkage systems. Another disadvantage l i e s  i n  
t h e  f a c t  t h a t  unwanted bending def lect ions will cause nonlinear response and 
requi re  t h e  use of double sensing elements t o  cancel the  bending e f f ec t s .  

t e s t i n g ,  which may require  ca re fu l ly  machined and 

Sens i t i v i ty  of Displacement Gages 

It has been general ly  assumed t h a t  t h i s  crack measurement method i s  infe- 
r i o r  t o  the  e l e c t r i c a l  po ten t i a l  technique regarding t h e  s e n s i t i v i t y  avai lable .  
This observation i s  probably based on the  r a the r  la rge  apparent difference i n  
slopes between t h e  ca l ib ra t ion  curves t h a t  have been published for these two 
methods. I n  order t o  define more c l e a r l y  such differences,  a ca l ib ra t ion  curve 
f o r  t h e  center-notched-plate displacement gage described i n  reference 46 i s  
compared ( f i g .  27 )  with ca l ib ra t ion  curves obtained f o r  t h e  same specimen type 
by using po ten t i a l  measurements. From t h i s  representat ion it i s  qui te  evident 
t h a t  t he  slope of t h e  ca l ib ra t ion  curves depends on the  gage length and posi-  
t i o n  selected.  I n  t h i s  respec t ,  t h e  po ten t i a l  measurement has an advantage 
s ince the  probes can be located very close t o  the  crack t i p s ;  however, it 
should be noted t h a t ,  f o r  i d e n t i c a l  locat ions and gage lengths ,  Boyle's 
displacement-gage ca l ib ra t ion  curve has a d e f i n i t e l y  greater  slope than t h a t  
obtained by e l e c t r i c  po ten t i a l  measurements. From t h i s  displacement-gage c a l i -  
b ra t ion+curve ,  an estimate was  made regarding the  absolute s e n s i t i v i t y  t o  crack 
extension that  could be obtained i n  a t y p i c a l  case. 

The case selected as an example i s  represented by a load-deflection curve 
given i n  reference 46 f o r  a 3/16-inch-thick by 3-inch-wide 7075-T6 center- 
notched specimen. With the  assumption t h a t  a chart  pen def lec t ion  of 0.050 
inch i s  e a s i l y  d iscern ib le  and a magnification of 2000, a t o t a l  crack extension 
of 0.006 inch should be detectable  a t  t h e  pop-in load, which was about 16,000 
pounds. This may be compared with t h e  0.003-inch crack extension s e n s i t i v i t y  
previously mentioned f o r  t h e  e l e c t r i c a l  po ten t i a l  method when used on an alumi- 
num single-edge-notched specimen and assuming the  same minimum pen def lec t ion  
f o r  a pop-in indicat ion.  These calculated s e n s i t i v i t i e s ,  of course, a r e  not 
d i r e c t l y  comparable i n  a quant i ta t ive  sense and should not be taken as l imi t ing  
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values.  They do ind ica te ,  however, t h a t  both t h e  displacement gage and poten- 
t i a l  method can have very high s e n s i t i v i t y  t o  crack extension. 

ACOUSTIC METHOD 

Disturbances within a material t h a t  r e s u l t  i n  t h e  sudden r e l ease  of elas- 
t i c  energy can f requent ly  be detected by using a transducer t h a t  w i l l  convert 
an e l a s t i c  v ibra t ion  i n t o  an e l e c t r i c a l  s ignal .  Thus, if a p iezoe lec t r ic  crys- 
t a l  i s  placed i n  contact with a specimen containing a propagating crack, t h e  
c r y s t a l  w i l l  produce s igna ls  t h a t  may be amplified and recorded or used t o  
dr ive  a loud-speaker. The acoust ic  method of de tec t ing  crack propagation has 
been described by Romine (ref. 53) and Jones and Brown (ref.  47) .  Reference 47 
contains a de ta i l ed  descr ip t ion  of t h e  method including t h e  e lec t ronics  re- 
quired f o r  recording load and crack sounds. 

I n  p r a c t i c a l  appl icat ion,  a c r y s t a l  transducer such as a s l i g h t l y  modified 
phonograph pickup i s  clamped t o  t h e  specimen or t o  t h e  loading t r a i n .  A tape 
recording i s  made of t h e  load and specimen acoust ic  output simultaneously on 
separate channels. The tape record may then be t r ans fe r r ed  t o  a recording os- 
c i l lograph or simply audited with t h e  tape load channel working a counter. The 
method i s  extremely sens i t i ve  t o  s m a l l  crack extensions and m a y  give d e f i n i t e  
indicat ions of crack movement before e i t h e r  an e l e c t r i c a l  po ten t i a l  o r  a d is -  
placement gage gives a d iscern ib le  output. While t h e  amplitudes of t h e  acous- 
t i c  s igna ls  probably increase with t h e  amount of mater ia l  involved i n  a given 
increment of crack movement, there  i s  no known way of estimating the  amount of 
crack extension from acoust ic  records. For t h i s  reason, t h e  acoust ic  technique 
i s  bes t  used i n  conjunction with e i t h e r  p o t e n t i a l  measurements or displacement 
gages. Eaployed i n  t h i s  way, it provides addi t iona l  information concerning t h e  
i n i t i a l  s tage of t h e  crack propagation process. 

Examples of Data 

As shown i n  reference 47, t h e  acoust ic  method i s  capable of ind ica t ing  
pop-in loads t h a t  agree wel l  with those obtained by using displacement gages. 
I n  some cases, t he  acoust ic  method may a l s o  be he lpfu l  as an a i d  i n  in t e rp re t -  
ing a load-potent ia l  o r  displacement record. I n  order t o  i l l u s t r a t e  t h i s  
point ,  t w o  examples are shown i n  f igu re  28 f o r  single-edge-notch tests on an 
18Ni-Co-Mo s t e e l  aged a t  725O and 800° F. I n  t h i s  representat ion,  load'- 
po ten t i a l  records are given along with corresponding indicat ions from osc i l l o -  
graph t r a c e s  of t h e  acoust ic  output. These t e s t s  were interrupted at t h e  point  
indicated,  heat t i n t e d  t o  out l ine  t h e  f r ac tu re  area,  and then pul led t o  fail-  
ure. Two ra the r  d i f f e ren t  behaviors are represented by these  tes ts .  

The specimen aged a t  800° F exhibi ted an abrupt la rge  po ten t i a l  change a t  
about 10,000 pounds, and t h i s  corresponds t o  a la rge  burs t  of sound. Preceding 
t h i s  bu r s t ,  t he re  were very weak acoust ic  indicat ions possibly due t o  crack 
movement i n  fatigue-damaged metal. Approximately 0.1-inch t o t a l  crack exten- 
s ion  was represented by t h i s  pop-in, and the  p l a s t i c  zone s i z e  at  pop-in was 
l e s s  than one-tenth t h e  thickness.  Under these  circumstances, there  seems t o  
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Figure 28. - Load-potential and acoustic records from single-edge-notch 
specimens illustrating different pop-in behaviors. 

be l i t t l e  doubt t h a t  t he  
load a t  f r ac tu re  i n s t a b i l i t y  
i n  the  opening mode has been 
measured. 

The behavior of t he  
specimen aged a t  725' F ap- 
pears more complex. There 
i s  a d i s t i n c t  s t ep  i n  t h e  
load-potent ia l  c u r e  a t  
about 13,400 pounds, and 
t h i s  corresponded t o  about 
0.025-inch t o t a l  crack ex- 
tension. The p l a s t i c  zone 
s i z e  at  t h i s  pop-in was ap- 
proximately one-eighth t h e  
specimen thickness.  It w i l l  
be noted tha t  r a the r  s t rong 
acoust ic  indicat ions start 
at about 9500 pounds and 
continue with increasing 
load. Using the  acoust ic  
indicat ions as a guide makes 
it possible t o  de tec t  a 
s l i g h t  departure from l i n -  
e a r i t y  i n  t h e  po ten t i a l  rec-  

ord a l so  s t a r t i n g  a t  about 9500 pounds. 
t h e  0.025-inch t o t a l  crack extension at pop-in took place a t  considerably lower 
loads.  There i s  a question as t o  whether t h e  pop-in load observed f o r  t h e  
specimen aged at  725O F can be used t o  calculate  a having the  same mean- 
ing as t h a t  calculated from t h e  pop-in obtained f r o m  t h e  specimen aged a t  
800' F. 

Apparently, a subs tan t ia l  port ion of 

KIc 

Advantages and Limitations of Acoustic Method 

The major advantage of t h e  acoust ic  method l i e s  i n  i t s  r e l a t i v e  s impl ic i ty  
and adap tab i l i t y  t o  a v a r i e t y  of specimen types and t e s t i n g  s i tua t ions .  For 
example, if t h e  specimen i s  enclosed i n  a furnace o r  low-temperature bath,  t h e  
pickup may be mounted on some pa r t  of t he  loading t r a i n  ex terna l  t o  the  speci-  
men enclosure. Special  precautions m u s t  be taken, however, t o  eliminate t h e  
introduct ion of extraneous sounds t h a t  might mask o r  be confused with crack 
movement indicat ions.  
dent ly  the  background noise character and l e v e l  before conducting a se r i e s  of 
t e s t s .  
t h e  same conditions as t o  be used f o r  t h e  notch tests. As mentioned previous- 
l y ,  a major disadvantage of the  acoust ic  method is  t h e  f a c t  t h a t  there  i s  as 
ye t  no way of quant i ta t ive ly  r e l a t i n g  t h e  s igna l  cha rac t e r i s t i c s  t o  t h e  extent  
of crack movement. 

A s  a general  r u l e ,  it is des i rab le  t o  e s t ab l i sh  indepen- 

Frequently, t h i s  may be accomplished by loading a smooth specimen under 
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CONTINUITY GAGE 

A recent paper by Kemp (ref. 54)  describes t h e  use of a "continuity" gage 
t o  measure crack extension. Essent ia l ly ,  t h i s  i s  a s p e c i a l  type of f o i l -  
res i s tance  s t r a i n  gage and i s  constructed i n  t h e  same general way. It cons is t s  
of regular ly  spaced m e t a l  ribbon elements a l l  connected i n  p a r a l l e l  and i s  ap- 
p l ied  t o  t h e  specimen surface so t h a t  t h e  elements are normal t o  t h e  d i rec t ion  
of crack propagation. 
notch t i p .  This arrangement provides approximately l i n e a r  res i s tance  change as 
successive elements a r e  f ractured by the  extending crack. 

The elements a r e  longer t h e  f a r t h e r  they are from t h e  

I n  i t s  present form, each gage i s  about 1/2-inch wide and has 20 elements 
with a spacing of approximately 0.01 inch. 
a r e  expected, addi t iona l  gages a r e  placed i n  the  l i n e  of crack extension. 
ventional s t r a i n  gage instrumentation may be used with each gage being p a r t  of 
a bridge c i r c u i t .  The output of the  bridge i s  recorded on a light-beam galva- 
nometer oscil lograph along with a load t r a c e  from a load-cel l  bridge c i r c u i t .  
A s t e p  appears i n  t h e  output f o r  each ribbon element f ractured,  and t h e  crack 
length a t  maximum load can be determined by counting these s teps .  

If crack extensions beyond 0 . 2  inch 
Con- 

The main advantage t o  t h i s  type of gage i s  i t s  adaptab i l i ty  t o  crack 
growth s tudies  i n  tank t e s t s  a t  cryogenic temperatures. 
expensive and, of course, a r e  not reuseable. 

The gages are r a t h e r  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 16,  1964. 

54 



APPENDIX A 

For (oc tests 

16 < W/B < 45 

- PRACTICAL FRACWE . . , . .  TOUGHNESS-SPECIMENS . .  . --. DETAILS OF 

PREPARATION,_ . . . .  TESTING, -&XI) DATA FEPORTIRG 

The vazious p r a c t i c a l  f r a c t u r e  toughness t e s t  specimens a r e  shown i n  f i g -  
ures 29 and 30. The proportions given are those developed i n  previous sections 
of t h i s  report .  Relations f o r  9 and K a r e  given i n  t h e  usual closed form 
f o r  symmetrically cracked tension specimens ( f i g s .  2 9 ( a )  and ( b ) ) ,  and f o r  the  
surface-cracked p l a t e  specimen ( f i g .  30(d) ) .  Polynomial expressions i n  a / W  
are shown i n  f igure  30 f o r  t h e  single-edge-notched p l a t e  and bend specimens. 
The sources of these expressions are discussed i n  t h e  t e x t .  It w i l l  be noted 
t h a t  t h e  fac tor  1 - v 2  has been used i n  the  equations r e l a t i n g  g t o  K f o r  
plane s t r a i n .  This f a c t o r  i s  an approximation i n  r e l a t i o n  t o  the  s t r e s s  s t a t e  
i n  an a c t u a l  p la te  specimen. This point i s  discussed fur ther  i n  the sect ion 

~ PRACTICAL . ~ SPEClMEN ~~~ ~ TYPES: P l a s t i c  Zone Connection Term - gIC and KIc C a l -  
culations.  A s  mentioned i n  the  t e x t ,  it i s  d i f f i c u l t  t o  judge the  accuracy of 
the  published approximate solut ions for yI f o r  circumferentially notched 
round bars .  
r e s u l t s  i n  the  d / D  range between 0.55 and 0.9. 

The form shown i n  f igure  3 0 ( e )  represents an average of several  

~- 

For YIc tests 
- 

5 < W I B  < 10 

SPECIMEN MACHINING 

The most c r i t i c a l  fea tures  of specimen machining a r e  concerned w i t h  t h e  
preparation and locat ion of the fa t igue  crack s t a r t e r  notches and the means f o r  

..“‘A 
P2 ?re 

WE2 
EY-- tan w 

(a) Symmetrical center-cracked plate. 

I __ 

A - Surfaces must be symmetric to 
specimen centerline within 
Wllooo 

‘ ,e ‘\yi 

P* na A 2m 
EY - - [tan j i  + 0.1 sin w] 

WB2 

Ib) Symmetrical edge-cracked plate. 

Figure 29. - Practical fracture toughness specimen types. Specimens for general use. (The factor 1 - v2 is an approxi- 
mation. See appendix. 
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(a) Single-edge-notched plate (tension). 

L L - W  --+-L-4w 4 
(b) Notch bend specimen (three-point loaded). 

A - Surfaces must be true to specimen 
centerline within WlloOO 

2 < W/B < 8 

(c) Notch bend specimen (four-point loaded). 

Figure 30. - Pract’cal fracture toughness specimen types. Plane strain tests. (For all specimens, a = a, t Es/6m&; 
the factor 1 - u i is an approximation. See appendix.) 

t ransmi t t ing  t h e  load t o  t h e  specimen. 
p l a t e  tension specimens a r e  shown i n  f igu re  31. 
w i l l  ensure t h a t  t h e  influence of t h e  shape of t h e  notch does not extend t o  t h e  
t i p  of t h e  fa t igue  crack. 
notch t i p  radius  shown may be e a s i l y  produced by s l i g h t l y  extending t h e  1/16- 
inch s l o t  with a 0,010-inch jewelers saw. If t h e  starter notches shown i n  f i g -  
ure  31 cannot be accommodated because of i n su f f i c i en t  specimen width, it i s  
bes t  t o  produce narrow s l o t s  by using an electr ic-discharge machining process. 
A n  indentation made with a sharp ch i se l  having a rounded end w i l l  serve as a 
crack s t a r t e r  f o r  t he  surface-cracked specimens. Alternat ively,  a surface 
notch may be produced by an electr ic-discharge process. 
c i rcumferent ia l ly  notched round bar should have as sharp a t i p  rad ius  as possi-  
b le  i n  order t o  minimize t h e  stress necessary t o  produce fa t igue  cracks i n  a 
reasonable length of time. 

Details of t h e  s t a r t e r  notches for 
The dimensional limits given 

The angle at  t h e  s l o t  end i s  not c r i t i c a l  and the  

The V-notch i n  the  

Where loading p in  holes a r e  shown, these should serve as reference sur- 
faces  f o r  machining the  crack starter notches. I n  t h i s  way, symmetry of t h e  
notches about t h e  loading ax i s  i s  e a s i e s t  t o  achieve. 
t he  p in  hole pos i t ion  i n  r e l a t i o n  t o  t h e  width i s  an important parameter i n  t h e  
single-edge-notched p l a t e  specimen and t h a t  t h e  gI expression shown appl ies  
t o  the  W/2 pos i t ion  with t h e  limits indicated.  N o  means f o r  gripping the  

It should be noted t h a t  
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P =r[ P 

WlS, 6 

a. < 812 

2co <_ w/3 

(d) Surface-cracked plate. 

A - Surfaces must be concentric 
towi th ln  D/lOOO 

P 

5 - K i c  = 
1 -v2  d4 . . 

[O. 172 - 0.8 (4D - 0.65)2] 

d - d o -  (3) 
(e) Circumferentially notched and fatigue-cracked 

round bar. 

Figure 30. - Concluded. Practical fr cture toughness sp cimen types. Plane strain tests, I 3 .  (For all specimens, a = a, + Ed6myS; the  factor 1 - v 
appendix. \ 

IS an approximation. See 

surface-cracked p l a t e  specimen or t h e  ci rcwnferent ia l ly  notched round bar we 
shown i n  figure 30. Pin loading of t h e  surface cracked specimen w i l l  r equi re  a 
head wider than t h e  tes t  sect ion,  or t he  use of doubler p l a t e s  around t h e  p in  
holes.  Alternat ively,  t h e  specimen may be gripped i n  t h e  t e n s i l e  machine j a w s .  
The circumferent ia l ly  notched round bar  i s  normally provided with buttonheads, 
although as described i n  reference 8, a threaded specimen w i t h  spec ia l  a l ine -  
ment surfaces may be used. I n  e i t h e r  case, precis ion machining of a l l  cyl in-  
d r i c a l  surfaces i s  necessary t o  ensure tha t  t h e  notch sec t ion  is  perpendicular 
t o  and concentric w i t h  t he  loading ax is .  

The edges of t h e  p l a t e  tension specimens do not have t o  be machine- 
f inished unless they  serve as loca t ing  surfaces f o r  posi t ioning of t he  notches 
and p in  holes.  The f la t  surfaces of these  specimens a r e  machined only when 
necessary t o  remove warping or t o  eliminate an unwanted surface layer .  
gular cross sec t ion  bend specimens ( f ig s .  30(b) and ( c ) )  should provide no 
spec ia l  machining problems whatsoever. Surfaces i n  contact with the  loading 

Rectan- 
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Fatigue - 
crack 

1 Specimen loading hole Q 
114 in. 51132 -, 
diam. 

,- 0. m5-in. 
II (see text) 

I 

and support pins should be 
ground t o  reduce f r i c t i o n .  
These surfaces can then serve 
f o r  reference purposes when 
machining the  fa t igue  crack 
s t a r t e r  notch. 

rad. max 

A - B within 0.010 in. 

(a) Fatigue crack starter for center-cracked plate specimens (W 2 2  in. ). 

r rO.005- in.  rad. max (see text) 

LIL I' 

Single edge notch W 20.6 in. 
Notch bend W 2 1.0 in. 

(b) Fatigue crack starter for edge-notched plate specimens. 

Figure 31. - Fatigue crack starter notches for center-cracked and edge-notched 
plate specimens. 

FATIGUE CRACKING AND 

HEAT TR"T\TT 

Detai ls  concerning t h e  
fa t igue  cracking of t h e  sym- 
met r ica l ly  cracked tension 
specimens ( f i g s .  2 9 ( a )  and 
( b ) )  and t h e  circumferentially 
notched round bar ( f i g .  30(e) )  
have been given i n  references 
5 and 8. It was recommended 
t h a t  tension-tension loading 
be used t o  produce fa t igue  
cracks i n  t h e  symmetrically 
center cracked specimens; how- 
ever, some invest igators  have 
cracked t h i s  type of specimen 
i n  bending with t h e  moments 
perpendicular to the  sheet 
plane. This method produces 

"wing cracks" s t a r t i n g  from t h e  surface and joining a t  the  center of t h e  thick-  
ness. These cracks a r e  sometimes d i f f i c u l t  t o  keep i n  one plane and form a 
crack f ront  w i t h  considerable curvature. Further s tudies  of these crack shapes 
a r e  required before t h i s  method of producing fa t igue  cracks can be recommended. 

Surface fa t igue  cracks may be produced by cant i lever  bending of t h e  speci-  
Details of t h i s  technique a r e  given men over a support t h a t  t apers  t o  a point.  

i n  references 37 and 38. Cracks a r e  i n i t i a t e d  more e a s i l y  and may be located 
a t  t h e  desired spot on t h e  specimen surface if  a s m a l l  sharp indentation i s  
provided as a crack s t a r t e r .  As mentioned previously, t h i s  s t a r t e r  notch may 
be produced by a c h i s e l  or by electric-discharge machining. 
produced by t h i s  method a r e  semie l l ip t ica l  i n  shape with the  e l l i p t i c i t y  usu- 
a l l y  increasing with t h e  depth; however, it i s  possible to control t h e  crack 
shape, if t h e  s t a r t e r  notch i s  produced by electric-discharge machining, by 
using spec ia l ly  contoured electrodes.  

The surface cracks 

Fatigue cracking of single-edge-notched p l a t e  specimens may be convenient- 
l y  accomplished by cant i lever  bending with t h e  bending moment i n  the  plane of 
the  specimen. 
s t r e s s  s e t  j u s t  s u f f i c i e n t  t o  ensure smooth operation of the  fa t igue  machine 
and s a t i s f a c t o r y  alinement during the  fa t igue  cycling. This method poses no 
spec ia l  problems, and the  cracks a r e  r e l a t i v e l y  easy t o  control  since they a r e  
running i n t o  a decreasing s t r e s s  f i e l d .  
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There a r e  very f e w  data regarding the  e f f e c t  of t he  m a x i ”  stress used i n  
producing fa t igue  cracks on t h e  measured f r ac tu re  toughness. Some r e s u l t s  
given i n  reference 39 f o r  surface cracked specimens of a b r i t t l e  s t e e l  ind ica te  
no s igni f icant  difference i n  average KIc 
of about 30, 40, and 60 percent of t he  y i e ld  strength.  The s c a t t e r  of data,  
however, appeared t o  be grea te r  as t h e  nominal bending s t r e s s  increased. I n  
view of these  r e s u l t s ,  it would seem bes t  t o  keep t h e  nominal net sec t ion  
stress below 50 percent of t h e  y i e ld  s t rength  when fa t igue  cracking. 

values f o r  nominal bending s t r e s ses  

The question of whether heat t r e a t i n g  should precede or follow fa t igue  
cracking i s  d i f f i c u l t  t o  resolve w i t h  t h e  l imi ted  amount of data  now avai lable .  
The center crack s t rength  of a r e l a t i v e l y  b r i t t l e  s t e e l  (ref. 5 )  w a s  the same 
whether sheet specimens were heat t r e a t e d  before or a f t e r  fa t igue  cracking. 
The r e s u l t s  of a few surface crack t e s t s  ( r e f .  37 )  appear t o  confirm t h i s  be- 
havior. It would seem reasonable t o  assume that  any differences i n  f r ac tu re  
toughness due t o  t h e  cracking - heat - t rea t ing  sequence would tend t o  be mini- 
mized by s t ab le  crack extension. For t h i s  reason, t h e  e f f ec t s  of t h i s  sequence 
should be more pronounced i n  g,, than i n  4c t e s t s .  I n  t h i s  respect ,  recent  
experiments i n  the  authors laboratory showed t h a t  more d i s t i n c t  pop-in indica- 
t i ons  were obtained f o r  18Ni-Co-Mo single-edge-notch t e s t s  when specimens 
were aged a f t e r  f a t igue  cracking ra ther  than before. I n  the absence of more 
d e f i n i t e  information, it would seem reasonable t o  heat treat a f t e r  fa t igue  
cracking where possible.  This procedure should assist i n  reducing any e f f e c t s  
t h a t  might a r i s e  from differences i n  t h e  f a t igue  s t r e s s i n g  conditions; however, 
as pointed out i n  reference 8, when preparing circumferent ia l ly  notched round 
bars ,  it may be necessary t o  f i n i s h  machine and fa t igue  crack a f t e r  f u l l  heat 
treatment i n  order t o  correct  f o r  warpage and t o  avoid quench cracks. These 
considerations may a l s o  be important f o r  t h i ck  p l a t e  specimens. 

TESTING PROCEDURE 

Testing procedures for symmetrically cracked sheet tension specimens and 
circumferent ia l ly  notched round bars  have been discussed i n  references 5 and 8. 
A s  described i n  these  publ icat ions,  spec ia l  care should be taken t o  minimize 
eccen t r i c i ty  of loading by using pin-yoke assemblies f o r  sheet specimens and by 
using spec ia l  loading devices f o r  notched round bars.  Detai ls  concerning a 
concentric buttonhead loading f i x t u r e  f o r  notched rounds a re  given by Jones and 
Brown ( r e f .  55). When t e s t i n g  th i ck  pin-loaded specimens i n  tension,  it i s  
advisable t o  make use of double p in  yokes i n  order t o  minimize bending moments 
ac t ing  both perpendiculm and p a r a l l e l  t o  t h e  sheet plane. These yokes must be 
ca re fu l ly  machined so t h a t  they  do not i n  themselves introduce bending due t o  
misalinement of t h e  p in  holes.  When p in  yokes a r e  used, it i s  des i rab le  t o  
lub r i ca t e  t h e  p in  holes with molybdenum disu l f ide .  

A s  mentioned previously, surface-cracked specimens, if p in  loaded, w i l l  
require  a head la rger  than t h e  t e s t  sec t ion  or t h e  use of doubler p l a t e s  around 
t h e  p in  holes. By using t h e  t e n s i l e  machine j a w s  f o r  gripping, a uniform width 
and thickness specimen may be employed. It might be expected t h a t  loading i n  
t h e  j a w s  of a t e n s i l e  machine would introduce considerable eccent r ic i ty ,  which 
would vary from t e s t  t o  t e s t  and produce excessive s c a t t e r ;  however, data  from 
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a large number of r e p l i c a t e  tes ts  on jaw-loaded surface-cracked specimens of a 
b r i t t l e  steel have been reported i n  reference 38 and exhibi t  very s m a l l  s c a t t e r .  
I n  addition, a few r e s u l t s  (ref. 37)  f o r  pin-loaded specimens indicate  t h a t  / 

surface cracks eccentr ic  with respect  t o  t h e  specimen center l ine  do not r e s u l t  
i n  lower strengths.  On t h e  b a s i s  of t h e  data  avai lable ,  it would appear t h a t  
j a w  loading f o r  t h i s  type of specimen i s  permissible; however, t h e  data  should 
be examined f o r  s c a t t e r  t h a t  could be a t t r i b u t e d  t o  var ia t ion  i n  e c c e n t r i c i t y  
from tes t  t o  t es t .  

I n  the  case of heat- t reated martensi t ic  s t e e l s ,  crack extension can occur 
due t o  s t r e s s  corrosion under a constant load i n  t h e  presence of water vapor. 
Plane s t r a i n  f r a c t u r e  toughness values f o r  such mater ia ls  can be influenced by 
t h e  amount of water vapor i n  t h e  air ,  and t h i s  e f f e c t  w i l l  depend on the  t e s t -  
ing speed. Results are given i n  reference 45 f o r  c i rcwnferent ia l ly  notched 
round bars  of SAE 4340 (ays = 225,000 p s i )  t e s t e d  a t  three leve ls  of r e l a t i v e  
humidity using normal loading r a t e s .  Because of t h e  l imited amount of data  
avai lable  from t h i s  invest igat ion and t h e  s c a t t e r  encountered, no quant i ta t ive 
r e l a t i o n  could be establ ished between t h e  amount of moisture present and t h e  
f r a c t u r e  toughness; however, t h e  notch s t rength decreased with increasing r e l a -  
t i v e  humidity. I n  view of the  uncertaint ies  involved, it i s  not possible t o  
make any recommendations a t  t h i s  time concerning control  of the  humidity during 
a t e s t ;  however, when t e s t i n g  low-alloy-tempered martensites or other a l loys  
subject t o  s t r e s s  corrosion i n  t h e  presence of water, the  temperature and rela- 
t i v e  humidity of t h e  air surrounding t h e  specimen should be recorded. 

DATA mPORTING 

The usefulness of f rac ture  toughness data  depends not only on the  selec-  
t i o n  of proper t e s t i n g  techniques, but a l s o  on the  proper i d e n t i f i c a t i o n  of the  
reported data.  A l l  too  frequent ly  f rac ture  toughness information appearing i n  
t h e  published l i t e r a t u r e  and i n  company reports  is  s o  poorly ident i f ied  t h a t  no 
judgment can be made concerning i t s  v a l i d i t y  nor i t s  a p p l i c a b i l i t y  t o  the  par- 
t i c u l a r  problem a t  hand. It must be remembered t h a t  f r a c t u r e  t e s t i n g  and f r a c -  
t u r e  mechanics analysis  a r e  new approaches t o  a very complicated problem and 
t h a t  i n  the formative stages of any engineering science it i s  necessary t o  pro- 
vide the  maximum amount of information t o  t h e  person attempting t o  use t h e  
data.  With t h i s  i n  mind, t h e  F i f t h  Report of the  ASTM Special  Committee on 
Fracture Testing (ref. 9 )  l i s t e d  required supplementary information t h a t  should 
be reported with f r a c t u r e  toughness data. 

Care should be exercised t o  avoid using t h e  designation ' ' f ractme tough- 
ness" or t h e  symbols 9 or K i n  connection with data  t h a t  do not meet t h e  
basic requirements f o r  f r a c t u r e  toughness t e s t i n g .  A p a r t i c u l a r l y  dangerous 
pract ice  i s  the  report ing of calculated c r i t i c a l  f l a w  sizes as a function of 
applied stress when t h e  calculat ions a r e  based on poorly established f r a c t u r e  
toughness data. Information of t h i s  type should always be carefu l ly  qual i f ied 
regarding t h e  bas i s  of calculat ion and t h e  manner i n  which the  f rac ture  tough- 
ness parameters were obtained. 
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APPENDIX B 

SYMBOLS 

A net cross-sectional area of cracked Charpy specimen 

a length, half-length,  or depth of crack according t o  type of specimen, 
f i g s .  27 and 28 

measured value of a a t  i n s t a b i l i t y  am 
a0 i n i t i a l  value of a 

B thickness of p l a t e  or bend specimen 

C compliance of selected gage length of specimen, i . e . ,  revers ible  
change i n  gage length per un i t  load 

i n i t i a l  value of C f o r  specimen without crack 

gC 
CO 

cg ,CIg or gIC measurement capacity of specimen, i . e .  , estimated maxi- 
mum value of ac or g,, t h a t  could be measured with acceptable 
accuracy f o r  specimen of given dimensions made of mater ia l  of given 
yield s t rength and e l a s t i c  modulus 

C 

D 

half-length of surface crack, f i g .  30(d) 

major diameter of round notched bar, f i g .  30(e);  distance of ax is  of 
loading from cracked edge of single-edge-notched tension specimen, 
f i g .  1 7  

average diameter of crack-notched sect ion of round notched bar, d0 
f i g .  30(e) 

E Young’s modulus; e l e c t r i c a l  p o t e n t i a l  difference between two selected 
posi t ions on specimen 

value of e l e c t r i c a l  p o t e n t i a l  difference.  EO 

e displacement, i . e . ,  change i n  selected gage length of specimen 

s t r a i n  energy re lease  rate with crack extension per uni t  length of 
crack border, or, crack extension force (crack extension mode un- 
specif ied)  

4 

41 
gc,gIc c r i t i c a l  value of or gI a t  point of i n s t a b i l i t y  of crack exten- 

(8 f o r  opening mode of crack extension 

sion, taken t o  be measure of f r a c t u r e  toughness of material 
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K 

KI 

L 

M 

P 

R 

rY,rIY 

U 

'C 

N ' 
'net 

'nom 

' YS 

s t r e s s  i n t e n s i t y  f a c t o r  of e l a s t i c  s t r e s s  f i e l d  i n  v i c i n i t y  of crack 
f r o n t  (crack extension mode unspecified) 

opening mode of crack extension 

c r i t i c a l  value of K or KI at  point of i n s t a b i l i t y  of crack exten- 
sion, taken t o  be an a l t e r n a t i v e  measure of crack toughness of 
mater ia l  

e f fec t ive  length of f r a c t u r e  toughness specimen; moment arm length of 
bend specimen, i . e . ,  half  of difference between major and minor 
spans 

dimensionless coef f ic ien t  i n  expression f o r  4 f o r  round notched bar 

load applied t o  specimen 

crack extension res i s tance  of mater ia l  a t  crack t i p  t h a t  opposes g 
p l a s t i c  zone correct ion term added t o  measured crack length; sub- 

s c r i p t  I appl ies  t o  plane s t r a i n  conditions and rIY i s  taken 
t o  be ry/3 

l o s s  of pendulum energy i n  impact t e s t ,  or, area under load-deflection 
curve of t e s t  of cracked Charpy specimen 

width of p l a t e  specimen or depth of rectangular sect ion beam specimen 

Poisson's r a t i o  

gross s t r e s s  applied t o  specimen i n  tension, ? . e . ,  applied load 
divided by WB f o r  p l a t e  specimen, o r  flD2/4 f o r  notched round bar 

0 a t  point of i n s t a b i l i t y  of crack extension 

net sect ion s t r e s s  f o r  round notched bar 

average net sect ion s t r e s s  for a symmetrical p l a t e  specimen i n  tension 

nominal s t r e s s  a t  posi t ion of crack t i p  f o r  a single-edge-notched 
tension specimen or bend specimen 

uniaxial  t e n s i l e  y ie ld  s t rength ( 0 . 2  percent o f f s e t )  
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